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Os humanos estão permanentemente expostos a vários contaminantes 
ambientais que têm sido produzidos pela indústria química ao longo das 
últimas décadas. Para além do contacto direto com produtos onde estes 
contaminantes são aplicados, a exposição ocorre principalmente porque estes 
químicos se libertam destes materiais e acumulam-se no ambiente, tornando-
se desta forma disponíveis para serem consumidos involuntariamente pelos 
humanos. Durante muito tempo a alimentação foi considerada como a principal 
via da exposição dos humanos a diversas classes de contaminantes, incluindo 
os poluentes orgânicos persistentes (POPs) e metais tóxicos. No entanto, a 
exposição através do pó em ambientes interiores surgiu como uma importante 
via de exposição, principalmente porque estes contaminantes se acumulam no 
pó e devido ao facto das pessoas passarem grande parte do seu tempo em 
ambientes interiores. 
Na presente tese, foi estudada a presença de várias classes de contaminantes 
ambientais em amostras de duplicados de dieta e amostras de pó doméstico, 
de forma a caracterizar a exposição dos humanos através da ingestão de 
alimentos e pó doméstico em Portugal, e a avaliar os riscos associados a esta 
exposição. Os contaminantes estudados incluem: retardantes de chama 
bromados (BFRs); retardantes de chama fosforados (PFRs); bifenilos 
policlorados (PCBs); pesticidas organoclorados (OCs); e os metais tóxicos 
chumbo (Pb) e cádmio (Cd). 
Os níveis de BFRs, PCBs, OCs, Pb e Cd foram determinados em amostras de 
duplicados de dieta fornecidas por voluntários da comunidade académica da 
Universidade de Aveiro. No que diz respeito aos compostos orgânicos, as 
concentrações obtidas foram baixas. Os BFRs foram detetados em poucas 
amostras de dieta, sendo que o mais detetado foi o congénere BDE 209 
(67%), enquanto os BFRs emergentes – 1,2-bis (2,4,6-tribromofenoxi) etano 
(BTBPE), decabromodifenill etano (DBDPE) – não foram detetados. Os PCBs 
e os OCs apresentaram as concentrações mais elevadas e foram detetados na 
maioria das amostras de duplicados de dieta analisadas, sendo que os 
diclorodifeniltricloroetanos (DDTs) e os hexaclorociclohexanos (HCHs) foram 
detetados em 100% das amostras. Os valores estimados das ingestões diárias 
foram baixos e abaixo dos valores de referência estabelecidos para a 
avaliação de risco em humanos. 
O Pb foi detetado em todas as amostras de duplicado de dieta e o seu 
consumo através da ingestão de alimentos foi associado a efeitos adversos 



















Para 33% dos participantes a ingestão diária estimada (EDI) foi superior à dose 
de referência (bench mark dose level – BMDL) associada à doença renal 
crónica, e para um dos participantes a EDI foi 50% mais elevado do que a 
BMDL associada à pressão arterial sistólica elevada. A abordagem da margem 
de exposição (MOE - margin of exposure) foi aplicada e indicou que em pelo 
menos 3,3 e 26,7% dos participantes poderão surgir efeitos cardiovasculares e 
nefrotóxicos, respetivamente. As concentrações de Cd foram avaliadas em 
amostras de duplicados de dieta fornecidas por mulheres a trabalhar ou a 
estudar na Universidade de Aveiro. Este metal foi também detetado em todas 
as amostras analisadas e 35% das participantes apresentaram ingestões 
semanais estimadas (EWIs) mais elevadas do que a dose semanal tolerável 
estabelecida, sugerindo riscos de saúde elevados. No geral, os resultados 
obtidos através das análises feitas em amostra de duplicados de dieta 
demonstraram que a ingestão de alimentos é uma importante via de exposição 
aos contaminantes ambientais estudados.  
Os níveis de PFRs, BFRs and PCBs foram monitorizados em amostras de pó 
doméstico de casas de Aveiro e Coimbra. Estes compostos e os seus 
respetivos congéneres/isómeros foram detetados num grande número de 
amostras, sendo que os PFRs apresentaram as concentrações mais elevadas, 
seguidos dos BFRs e PCBs. Apesar das frequências de deteção elevadas, os 
EDIs foram inferiores às doses de referência (RfDs) estabelecidas. Os BFRs, 
PCBs, OCs foram também analisados em amostras de pó doméstico da 
Covilhã. Neste estudo, as amostras de pó foram recolhidas em casas de 
voluntários com asma e em casa de participantes sem asma. Os 
congéneres/isómeros dos contaminantes avaliados foram detetados na maioria 
das amostras, e o grupo de BFRs apresentou as concentrações mais altas, 
seguido de PCBs e DDTs. No entanto, para todos os contaminantes, as 
ingestões diárias foram inferiores às RfDs. Estes resultados confirmam que os 
PFRs, BFRs, PCBs e OCs estão omnipresentes nas casas Portuguesas, no 
entanto, o consumo diário dos contaminantes orgânicos através da ingestão de 
pó doméstico é baixo. 
Os resultados obtidos no âmbito desta tese permitiram descrever, pela primeira 
vez em Portugal, os níveis dos contaminantes selecionados em amostras de 
duplicados de dieta e pó doméstico. Estes resultados revelaram que o risco 
associado à ingestão de contaminantes orgânicos através da alimentação e do 
pó doméstico foram baixos, ao contrário do elevado risco associado à ingestão 
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Humans are permanently exposed to environmental contaminants which have 
been produced for decades and with numerous applications. Besides the direct 
contact with the consumer products in which these contaminants are applied, 
the exposure occurs mainly because these chemicals are released from those 
materials and accumulate in the environment being available for involuntary 
consumption. For a long time, diet has been considered the major human 
exposure route for several contaminants, including persistent organic pollutants 
(POPs) and toxic metals. However, the indoor exposure through dust emerged 
as important exposure route, mainly motivated by the fact that these 
contaminants accumulate in dust and because people in modern society spend 
much of their time indoors. 
In this thesis, several classes of environmental contaminants were analysed in 
duplicate diet samples and house dust in order to characterize the human 
exposure through the ingestion of food and the ingestion of house dust in 
Portugal and to access the associated risks. The contaminants studied include: 
brominated flame retardants (BFRs), phosphorus flame retardants (PFRs), 
polychlorinated biphenyls (PCBs), organochlorine pesticides (OCs), and also 
the toxic metals lead (Pb) and cadmium (Cd).  
The levels of BFRs, PCBs, OCs, Pb and Cd were assessed in duplicate diet 
samples obtained from volunteers from the University of Aveiro community. 
Regarding the organic compounds the obtained levels were low. BFRs were 
detected in few duplicate diet samples, with the congener BDE 209 exhibiting 
the higher detection frequency (67%) while the emerging BFRs – 1,2-bis (2,4,6-
tribromophenoxy) ethane (BTBPE), decabromodiphenyl ethane (DBDPE) – 
were not detected. PCBs and OCs exhibited higher levels and were detected in 
most analysed duplicate diet samples, with dichlorodiphenyltrichloroethanes 
(DDTs) and hexachlorocyclohexanes (HCHs) being detected in 100% of the 
samples. The daily dietary intakes were estimated, being low and under the 
established guidance values for human risk assessment. Pb was detected in all 
duplicate diet samples and its dietary ingestion was associated with adverse 
health effects. For 33% of the participants, the estimated daily intakes (EDIs) 
were higher than the dietary intakes related to the bench mark dose level 
(BMDL) derived from chronic kidney disease, and for one participant the EDI 





















The margin of exposure approach (MOE) was applied and indicated that 
cardiovascular and nephrotoxic effects might likely occur in at least 3.3 and 
26.7% of the participants, respectively. The concentrations of Cd were 
assessed in duplicate diet samples provided by women working or studying in 
University of Aveiro. This metal was also detected in all analysed samples and 
35% of the participants exhibited estimated weekly intakes (EWIs) higher than 
the established tolerable weekly intake (TWI), suggesting increased health 
risks. Overall the results from the duplicate diet study demonstrate that the 
ingestion of food is an important pathway of exposure to these environmental 
contaminants.   
PFRs, BFRs and PCBs were monitored in house dust samples from two cities 
in central Portugal (Aveiro and Coimbra). These compounds and respective 
congeners/isomers were detected in a large number of samples, with PFRs 
exhibiting the highest concentrations followed by BFRs and PCBs. Despite their 
high detection frequencies, the EDIs were much lower than the established 
reference doses (RfDs). BFRs, PCBs and OCs were also analysed in house 
dust samples from Covilhã, Portugal. In this study, dust samples were collected 
from the houses of asthmatics and non-asthmatics participants. The 
contaminants congeners/isomers were detected in the majority of the dust 
samples, and the group of BFRs exhibited the higher concentrations, followed 
by PCBs and DDTs, however, the daily intakes were lower than the RfDs for all 
contaminants. These results confirm that PFRs, BFRs, PCBs and OCs are 
ubiquitously present in Portuguese households, however the daily intakes of 
these organic contaminants through house dust ingestion is low.  
The results obtained under the framework of this thesis allowed describing for 
the first time in Portugal the levels of the selected contaminants in duplicate diet 
samples and in house dust samples. The results disclosed that the risk 
associated with the ingestion of the organic contaminants through diet and 
house dust was low, which contrasts with the risk associated with the ingestion 
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Chapter 1. General Introduction 
 
1.1. Human exposure to environmental contaminants 
 
Anthropogenic activities are known to adversely affect the environment and human health.  
In fact, a vast number of chemicals that were originally introduced into the market to 
increase the quality of life and to improve human and animal health exhibit toxic potential.    
Several incidents that occurred during the 20th century launched the first associations 
between humans’ adverse health effects and the exposure to chemicals. These incidents 
include, for example, (i) the phenomena known by the “Jamaican ginger paralysis” in the 
1920s, which caused outbreaks of neurological illness in about 50 000 people. This 
incident was caused by tri-ortho cresyl phosphate used as adulterant in ginger drink;  (ii) 
the landmark study in the United States (from 1911 to 1920) documented by Alice 
Hamilton on the occupational toxic disorders caused by the exposure to several chemicals, 
such as lead; (iii) the Minamata disease or “cat dancing disease” in Japan (during the 
1950s), characterized by a neurological syndrome that was caused by methylmercury 
poisoning due to the consumption of contaminated fish in humans and animals’ 
(particularly cats);  (iv) the explosion at an herbicide plant in Seveso, Italy in 1976, which 
lead to the human exposure to high levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin, the 
victims suffered from chloracne among other adverse effects; (v) the methyl isocyanate 
explosion in Bhopal, India in 1984, causing the death of thousands people and caused 
health problems such as oedema in hundreds of thousands; (vi) the nuclear explosion in 
Chernobyl, Russia 1986, the eventual death toll, resulting from the exposure to radiation, 
varies between 4000 to 200 000, and with millions of people affected with various health 
problems, such as thyroid cancer, that still affects the population nowadays; (vii) the 
largest maritime oil spill in the history in the Gulf of Mexico in 2010, in which 780 000 m3 
of oil were spilled over 87 days, resulting in the accumulation of genotoxic substances in 
the air, soil and water; (viii) the Fukushima nuclear accident after the earthquake and 
tsunami in 2011, in Japan, where special health care programmes of the World Health 
Organization (WHO), based on the Chernobyl nuclear disaster, were implemented after the 
incident in order to avoid serious consequences, such as the increased risk of radiation-
associated childhood thyroid cancers, however,  the long term effects are still difficult to 
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predict and manage (Lioy, 1990; Gilbert, 2011; Danzer and Danzer, 2016; Singleton et al., 
2016; Yamashita et al., 2016).  
The aforementioned environmental disasters reflect the evolution of the chemical industry 
and agriculture (Szirmai, 2012) and, consequently the drastic increase in the use of 
chemicals. Thus, chemicals’ emissions, distribution in the environment and accumulation 
also increased, affecting different environmental compartments, including air, water, land 
and aquatic sediments and biota.  As a consequence, the concern over these contaminants 
emerged, particularly after Rachel Carson pioneer work. Rachel Carson was a marine 
biologist and environmentalist who contributed to the public environmental consciousness. 
She conducted research on the effects of pesticides in the food chain, especially 
dichlorodiphenyltrichloroethane (DDT). By 1962, she published the book “Silent Spring” 
where she described a series of harmful effects on the environment and wildlife caused by 
the use of DDT, including how DDT enters the food chain and accumulates in the fatty 
tissues of animals and humans, and may cause cancer and genetic damage (Carson, 1962). 
Despite such evidences, the global production of chemicals continued to increase, raising 
from 1 million tonnes in 1930 to over 400 million tonnes by 2006 (REACH, 2006), and in 
2011 the global output was valued at $ 5 trillion. Currently the exact number of chemicals 
in the market is unknown, in 2013 there were for example, 143 835 chemicals on the 
European Union (EU) market (Sousa et al., 2013), according to the preregister at the 
European Union Regulation on Chemicals, REACH (Registration, Evaluation, 
Authorisation, and Restriction of Chemicals). 
Chemicals are used in a wide variety of processes and products designed to fulfil the 
demands of modern live, and therefore, there are a vast number of sources of 
environmental contamination and exposure to these man-made chemicals (Holt, 2000). 
Besides the contamination by the naturally occurring compounds, the major sources of 
anthropogenic chemicals are: industry sectors, burning/ incineration, cigarette smoke, 
commercial products and automobile exhaust (Tilley and Fry, 2015). The release of 
chemicals into the environment and the exposure to those chemicals may occur during 
different stages of their life cycle (Figure 1.1.1). During the extraction of the raw materials, 
during the manufacturing, processing or refining of the bulk and downstream chemical, 
during the use and reuse of the chemicals or the chemical containing-products or during 
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their recycling and disposal, resulting in two possible ways of exposure, occupational and 
environmental (UNEP, 2013).  
 
 
Figure 1.1.1. Life cycle of chemicals. Adapted from EEA (2010) and UNEP (2013). 
 
Once released into the environment some chemicals can travel long distances so that 
exposures may occur near the sites of production and use or in remote locations. Some 
chemicals have short life-times in the environment, however they are frequently released in 
effluents, agricultural runoffs and from urban environments, and therefore their levels are 
high near the sources (WHO/UNEP, 2013). Other synthetic chemicals, the persistent ones, 
can be carried by air and water currents over long distances, being detected in unspoiled 
locations such as the Arctic and Antarctic. When released into warmer climates, they can 
evaporate into the atmosphere and be transported by the wind to cooler areas (including the 
Polar Regions) where they condense and deposit in water resources (Iwata et al., 1993; 
Wania and MacKay, 1996; Zhang et al., 2010), then they bioaccumulate in aquatic 
microorganisms and biomagnify along the food chain (Figure 1.1.2). Therefore, organisms 
at the top of the food chains tend to have higher concentrations of these contaminants 
stored in their fatty tissues (due to their strong affinity for lipids), such as seals, bears and 
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Figure 1.1.2. Transport processes for persistent organic pollutants that are responsible for the up-
concentration in Northern environments. Source: Macdonald et al. (2005). 
 
Besides the ingestion of contaminated food (from food production, or bioaccumulation 
along the food chain, or during the storage or processing) and given the countless sources 
of contaminants (e.g. cosmetics, pharmaceuticals, electric and electronic products, 
furniture and cleaning products), there are many routes of exposure to chemicals, such as 
the ingestion of water, soil and dust, the inhalation of air (gas and particles) and dermal 
contact (US-EPA, 2015a). Therefore, humans are extremely vulnerable being continuously 
exposed to a complex mixture of chemicals and this exposure has been associated to a 
large number of adverse health effects (e.g. cancers, cardiovascular disease, asthma and 
developmental disorders). However, little is still known about the total disease burden 
attributable to these environmental contaminants (UNEP, 2013). In 2004, the WHO 
estimated that, globally at least 8.3% of all preventable deaths and 5.7% of the preventable 
disability-adjusted life years (DALYs, a measure combining mortality and morbidity) were 
attributable to environmental exposure and management of selected chemicals (Prüss-
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1.2. Classes of environmental contaminants 
 
The environmental contaminants can be categorized in different categories, including toxic 
metals, persistent organic pollutants (POPs) and contaminants of emerging concern 
(CECs). 
Metals can be divided in two main groups, the essential elements required for life (e.g. iron 
and calcium) and those that are nonessential or toxic (e.g. lead and cadmium). Due to their 
physicochemical properties, these toxic metals have multiple applications with industrial, 
domestic, agricultural, medical and technological purposes (Nordberg et al., 2007a). 
Although they are naturally occurring compounds found throughout the earth’s crust, their 
release and further environmental contamination results mostly from numerous 
anthropogenic activities such as mining and smelting operations, industrial and agricultural 
emissions and technological activities (Tchounwou et al., 2012). For a long time, metals 
are recognized as a major environmental problem (Mansour, 2011), and the concern on the 
deleterious effects associated to the exposure to these metals towards the wildlife and 
human health has been increasing. This global concern arises because these chemicals do 
not breakdown and accumulate in the environment especially in water and soils, 
furthermore they can be transported between environmental compartments (Mohammed et 
al., 2011), concentrate all the way to the top of the food chain and reach humans (Naja and 
Volesky, 2009). Unlike several organic compounds, metals are not metabolically 
degradable remaining in the body until they can be excreted. If they are not easily 
eliminated they accumulate in the living tissues and therefore they may cause serious 
health problems and even death (Nordberg et al., 2007a; Naja and Volesky, 2009). 
Furthermore, some metals are toxic even at extremely low concentrations (Cornelis and 
Nordberg, 2007). Table 1.2.1 discloses some of the health problems associated with metal 
exposure. Toxic metals such as arsenic, cadmium, chromium, copper, lead, mercury and 
nickel can interfere with the functioning of many important organs such as the brain, lungs, 
kidney, liver and blood composition. Long-term exposure can cause physical, muscular 
and neurological degenerative processes, and for some metals, a repeated long-term 
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Table 1.2.1.  Types of metals and their adverse effects on human health. 
Metal Adverse effects on human health  
Arsenic Bronchitis, dermatitis, poisoning, cancer of lungs, liver, bladder and skin 
Cadmium Renal dysfunction, lung disease, lung cancer, bone defects (osteomalacia, 
osteoporosis), increased blood pressure, kidney damage, bronchitis, 
gastrointestinal disorder, bone marrow  
Lead Mental retardation in children, developmental delay, fatal infant 
encephalopathy, congenital paralysis, sensor neural deafness and acute or 
chronic damage to the nervous system, epilepticus, liver, kidney and 
gastrointestinal damage, cardiovascular effects, increased blood pressure 
Mercury Tremors, gingivitis, minor psychological changes, spontaneous abortion, 
damage to nervous system, protoplasm poisoning 
Chromium Damage to the nervous system, fatigue, irritability, cancer 
Copper Anemia, liver and kidney damage, stomach and intestinal irritation 
Based on Singh et al. (2011) and Jaishankar et al. (2014) and Nordberg et al. (2007a). 
 
 
Persistent Organic Pollutants (POPs) are synthetic carbon-based (organic) chemical 
substances that, once released in the environment, have the ability to accumulate, persist 
and bioconcentrate. These compounds persist for remarkably long periods of time, they are 
widely spread as a result of natural processes in soil, water and mainly air which leads to 
global pollution. They have high affinity for the adipose tissues of living organisms and 
accumulate through the food chain, therefore they are found at higher concentrations in 
higher levels in the food chain, including in humans (Stockholm Convention, 2015). POPs 
are toxic to both humans and wildlife. Their global distribution and contamination is due to 
the fact that they are semi-volatile, and therefore they can partially evaporate at high 
temperatures and be transported to higher latitudes, where the cold temperatures makes 
them condense and deposit from the atmosphere onto soil and water (Wania and MacKay, 
1996) (Figure 1.1.2). This group of compounds comprises mainly synthesized substances 
of agricultural and industrial uses and by-products generated from human and natural 
activity (Stockholm Convention, 2015). Due to their high toxicity and widespread 
environmental distribution the use of POPs is regulated by the United Nations, under the 
Stockholm Convention. This Convention signed in 2001, and effective May 2004, initially 
focused on the reduction or elimination of the production, use and release of 12 highly 
toxic chemicals, so-called “Dirty dozen” (Table 1.2.2). 
More chemicals were subsequently added to the list of POPs during the Stockholm 
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These organic chemicals are known to cause several specific adverse health effects, 
including allergies and hypersensitivity, damage to the central and peripheral nervous 
system, reproductive disorders, birth defects and damage to the respiratory and immune 
systems. Some POPs are considered carcinogens and some even act like endocrine 
disruptors (Li et al., 2006; Mansour, 2011; Stockholm Convention, 2015). 
 
 




Aldrin Insecticide A 
Chlordane Insecticide A 
Dichlorodiphenyltrichloroethane (DDT) Insecticide B 
Dieldrin Insecticide A 
Endrin Insecticide and Rodenticide  A 
Heptachlor Insecticide A 
Hexachlorbenzene (HCB) Insecticide and fungicide; By-
product of incineration and industrial 
processes 
A, C 
Mirex Insecticide; flame retardant A 
Toxaphene Insecticide A 
Polychlorinated biphenyls (PCBs) Industrial chemical A, C 
Polychlorinated dibenzo-p-dioxins 
(PCDD) 
By-product of incineration and 
industrial processes C 
Polychlorinated dibenzofurans (PCDF) By-product of incineration and 
industrial processes 
C 
Source: Stockholm Convention (2015) 
a Annex A substances: slated for “elimination” in the Stockholm Convention. Annex B substances: slated for 
“restriction” for which there is a specified “acceptable purpose”; Annex C substances: continuing 
minimization and, where feasible, ultimate elimination of the total releases derived from anthropogenic 
sources. 
 
Contaminants of Emerging Concern (CECs) are synthetic or naturally occurring chemicals 
or microorganisms for which concerns about their potential to pose risks to the 
environment and human health were raised more recently (Raghav et al., 2013; Sauvé and 
Desrosiers, 2014). These contaminants include not only those new chemicals recently 
produced and released in the environment, but also some chemicals already in use for a 
long time but for some reason not studied until recently. Therefore, there is limited data on 
their occurrence, environmental fate, and toxicity (Meador et al., 2016). The list of CECs 
includes substances for which no maximum levels have been set in the legislation, and 
identified compounds for which maximum levels have already been set but are still under 




Chapter 1. General Introduction 
 
- 10 - 
 





Alpha hexachlorocyclohexane (α-HCH) Pesticide; By-product of 
incineration and industrial 
processes 
A 
Beta hexachlorocyclohexane (β-HCH) Pesticide; By-product of 
incineration and industrial 
processes 
A 
Chlordecone Pesticide A 
Hexabromobiphenyl Industrial chemical A 
Hexabromocyclododecane (HBCDD) Industrial chemical A 
Hexabromodiphenyl ether and 
Heptabromodiphenyl ether (hexaBDE and 
heptaBDE) 
Industrial chemical A 
Hexachlorobutadiene Industrial chemical A 
Lindane Pesticide A 
Pentachlorobenzene  Pesticide; Industrial chemical; 
By-product of incineration and 
industrial processes 
A, C 
Pentachlorophenol and its salts and esters Pesticide A 
Perfluorooctane sulfonic acid, its salts and 
perfluorooctane sulfonyl fluoride 
Industrial chemical B 
Polychlorinated naphthalenes Industrial chemical; By-product 
of incineration and industrial 
processes 
A, C 
Technical endosulfan and its related isomers Pesticide A 
Tetrabromodiphenyl ether and 
pentabromodiphenyl ether (tetraBDE and 
pentaBDE) 
Industrial chemical A 
Source: Stockholm Convention (2015) 
a Annex A substances: slated for “elimination” in the Stockholm Convention. Annex B substances: slated for 
“restriction” for which there is a specified “acceptable purpose”; Annex C substances: continuing 




These compounds will remain as “emerging” as long as the scientific information is scarce 
and the number of documented issues on their potential risk is limited. However, a 
contaminant which have already been regulated and well described can recover the 
“emerging” status if new scientific information becomes available, forcing the re-
evaluation on their norms and guidelines by the regulatory agencies (Sauvé and Desrosiers, 
2014). Due to their large diversity and ubiquity, they are frequently separated into 
categories according to their nature, purpose, use and other characteristics, such as 
surfactants, synthetic hormones, pharmaceuticals and personal care products, plasticizers, 
flame retardants and pesticides (Table 1.2.4).  
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Table 1.2.4. Categories of contaminants of emerging concern. 
CECs category Chemical example Definition 
Antibiotics Tetracycline, Erythromycin Medications that fight bacterial infections, 
inhibiting or stopping bacterial growth 
Detergent metabolites Nonylphenol Chemical compounds formed when detergents 





Nonylphenol, Bisphenol A 
Natural or synthetic chemicals that can elicit an 
estrogenic response 
Flame retardants Polybrominated Diphenyl 
Ethers (PBDEs) 
Any of several materials or coatings that inhibit 
or resist the spread of fire 







Chemical substances usually found in the 
environment as a result of incomplete burning 
of carbon-containing materials like fossil fuels, 
wood or garbage 
Personal Care 
Products 
Para-hydroxybenzoate Chemical substances used in a diverse group of 






Chemical substances or microbiological agents 
that kill, incapacitate or otherwise prevent pests 
from causing damage 
Pharmaceuticals Fluoxetine, Carbamazepine, 
Diphenhydramine 
Chemical substances used in the prevention or 
treatment of physiological conditions 
Plasticizers Dioctyl Phthalate (DOP) Chemical additives that increase the plasticity or 
fluidity of a material 
Steroids Cholesterol, Coprostanol, 
Estrone, Progesterone 
Fat-soluble organic compounds with a 
characteristic molecular structure, which 
includes many natural and synthetic hormones 
Surfactant Sodium Lauryl Sulfate, 
Perfluorooctane sulfonate 
(PFOS) and Perfluorooctanoic 
acid (PFOA) 
Chemical substances with an exceptional  
stability and capacity for lowering surface 
tension affecting the surface of a liquid 
Based on Raghav et al. (2013) and Vandermeersch et al. (2015). 
 
 
Beyond these categories (toxic metals, POPs and CECs), the environmental contaminants 
might be distributed in other classes which can vary according to many different 
characteristics, such as their physicochemical nature, origin, use, fate and behaviour in the 
environment, their ecological impact and effects in the human health. Therefore, many 
contaminants can match into various classes as for example several flame retardants and 
highly fluorinated chemicals. 
Considering the adverse health effects, one of the most important classes is the one 
associated with endocrine disrupting chemicals (EDCs), which, according to the Endocrine 
Society (2015), are defined as chemicals, or mixture of chemicals, that interfere with any 
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aspect of hormone action, consequently they may affect health and reproduction in animals 
and humans. These chemicals are largely manufactured for specific industrial purposes 
(flame retardants, plasticizers, pesticides and food-packaging, etc.) (Table 1.2.5), and are 
highly diverse: they can be metals or organic compounds, highly persistent or not, large or 
small molecules and soluble in fat or water (Casals-Casas and Desvergne, 2011; 
WHO/UNEP, 2013; Endocrine Society, 2015). Due to their great diversity, EDCs are 
ubiquitous being present in the environment and for example in consumer products, food 
and food storage containers and personal care products (Kabir et al., 2015). 
 
Table 1.2.5. Examples of endocrine disrupting chemicals and their uses. 
Common EDCs Uses 
DDT, HCB, atrazine Pesticides 
Lead, cadmium Children’s products, ceramics, glasses 
BPA, phthalates, phenol  Food contact materials  
Brominated flame retardants, PCBs Electronics and building materials 
Phthalates Personal care products, medical tubing 
Perfluorochemicals Textiles, clothing, kitchen utensils 
Parabens, phthalates, glycol ethers, 
fragrances, cyclosiloxanes 
Cosmetics, personal care products, cleaners 
Tributylin Antifouling biocides used to paint the bottom of 
the ships 
Nonylphenol (alkylphenols) Surfactants-certain kinds of detergents used for 
removing oil and their metabolites 
Based on Kabir et al. (2015). 
 
EDCs can interfere with several biochemical ways, they can mimic or block the biological 
activity of natural hormones, as well as interfere with their production, release, metabolism 
and elimination (Casals-Casas and Desvergne, 2011). Hence, they are associated with 
many adverse health effects, including the disruption of the thyroid and the corticoid 
functions (e.g. diabetes, obesity and pituitary deregulation), disruption of the nervous 
system (e.g. effects on the behaviour, learning, memory, attention, sensory function and 
neurological development) and effects on male and female reproduction (e.g. increased 
growth of endometrium, ovarian failure, irregularities in menstruation cycle, decline in the 
sperm quality and decreasing fertility) (Kabir et al., 2015). In more severe cases, they have 
also been associated with higher risk to develop breast, endometrial, ovarian, prostate, 
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1.3. Contaminants under the scope of this thesis 
 
1.3.1. Flame retardants 
 
Flame retardants (FRs) are chemicals added to a large range of products to increase their 
flame ignition resistance. The use of organic brominated, chlorinated and phosphate FRs 
expanded since the early 1970s, especially in the United States (US), due to the increasing 
fire safety regulations in order to compensate the increased use of flammable materials, 
such as plastics in electrical equipment or synthetic fibres (Babrauskas et al., 2014). These 
compounds contributed greatly to reduce the risk of fires and the incidence of fire injuries 
and mortality, however, beyond these benefits FRs are associated with environmental 
health issues (Blum, 2007).  
One of the first obvious examples of the hazards of FRs was the poisoning incident with 
polybrominated biphenyls (PBBs) in Michigan, US in 1973. The commercial mixture of 
PBB was inadvertently packed into bags similar to those of magnesium oxide feed 
additive, being added to animal feed. This contamination resulted in the loss of livestock 
and long-term impacts on the health of local farm families who have eaten large amounts 
of dairy products and eggs from the affected animals (Blum and Ames, 1977; Birnbaum 
and Staskal, 2004). As a consequence, this FR was banned in the US in 1976 (US-EPA, 
2014). Still in the 1970s, other two FRs which were widely added to polyester children’s 
pyjamas, tris(2,3- dibromopropyl) phosphate (tris-BP) and tris(1,3-dichloro-2- propyl) 
phosphate (TDCIPP), raised concern after being identified as mutagenic and potentially 
carcinogenic (Blum and Ames, 1977; Gold et al., 1978). These concern emerged mainly 
because they could be absorbed from the fabrics by children’s body after a single night of 
sleep (Blum et al., 1978). Consequently, their use in children’s sleepwear was banned by 
the Consumer Products Safety Commission. Nevertheless, this limited regulation allowed 
these FRs to be applied in other products such as polyurethane furniture foams. As a 
consequence three decades after, TDCIPP was the second most used FR in furniture foams 
as confirmed by Blum (2007). 
In the last decade, brominated flame retardants (BFRs) have received much regulatory 
attention, especially polybrominated diphenyl ethers (PBDEs) and 
hexabromocyclododecanes (HBCDDs). By 2000, BFRs accounted for 38% of the global 
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bromine demand, whilst in 1975 they accounted only for 8% (Birnbaum and Staskal, 
2004). This group of FRs interferes with the combustion process through gas phase 
chemical reactions, thus delaying the ignition and inhibiting the spread of fire (US-EPA, 
2015b). These characteristics promoted their use in a large number of consumer products 
including textiles, polyurethane foams, upholstery for furniture and car seats, electronic 
and electric devices, plastics (for televisions, computers and other electronic equipments) 
and building materials. PBDEs were mainly used as additive FRs (US-EPA, 2015b) in 
electronic devices like computers and TV sets, upholstery and carpets, while HBCDD (also 
used as additive compound) was primarily used in polystyrene foams and upholstery 
textiles (Fromme et al., 2015). Since they are mainly used as additive FRs, they are 
physically mixed with the material polymers without undergoing any chemical reaction, 
and therefore they are likely to be released from the products over time and use (Stapleton 
et al., 2008). 
As the result of the widespread production, use and release of BFRs, strong evidences of 
increasing contamination of the environment and even humans emerged through time. 
PBDEs and HBCDDs have been recognised as lipophilic compounds as well as persistent, 
bioaccumulative and toxic. Furthermore, they undergo long-range atmospheric transport 
(tetra to heptaBDEs and HBCDD are classified as POPs, Table 1.2.3) (Birnbaum and 
Staskal, 2004; Coelho et al., 2014). The decaBDE congener (highly brominated congener) 
is not categorized as POP, however it can degrade to lower brominated PBDEs when 
exposed to sunlight (EFSA, 2011; Kalachova et al., 2012). Due to these characteristics, the 
commercial mixtures pentaBDE (composed mainly by BDE 47, 99 and 100) and octaBDE 
(predominantly BDE 153, 154 and 183) were phased out in the European Union and the 
US in 2004; and decaBDE (mainly composed by the BDE 209 congener) was banned from 
electric and electronic devices in Europe in 2008, and phased out in the US in 2013 
(Coelho et al., 2014). 
After the implementation of the legislation on PBDEs and HBCDDs, there was a need to 
replace them with other FRs. Therefore the demand of emerging BFRs (EBFRs) and 
phosphorus flame retardants (PFRs) increased in the last several years. In fact, there has 
been an increase in the use of 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE) and 
decabromodiphenyl ethane (DBDPE), which replaced octaBDE and decaBDE, respectively 
(Newton et al., 2015). Although these EBFRs’ properties and effects in the environment 
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are mostly unknown, their physicochemical properties and structure are similar to the 
PBDEs they replace, and therefore they appear to have similar toxicological behaviour 
(Babrauskas et al., 2014; Newton et al., 2015). Several studies have been developed in 
order to investigate their occurrence and environmental behaviour (Covaci et al., 2011).  
PFRs are FRs with no or low bioaccumulative potential, and their mechanism of action can 
also be through gas phase reactions, but it occurs mostly in the solid phase of the burning 
materials (van der Veen and de Boer, 2012), by forming a carbonaceous layer on the 
surface of the polymer, which interferes with the transfer of heat from the gas phase to the 
solid phase preventing the thermal decomposition (US-EPA, 2015b). Some are additive 
FRs such as BFRs. Other, however, are reactive, being covalently bound to the materials, 
which renders their release into the environment less likely (van der Veen and de Boer, 
2012). As all FRs, their application is varied, PFRs are extensively used in building 
materials, interior decoration, furniture, upholstery, electrical and electronic materials and 
transport vehicles (Mizouchi et al., 2015). Organic PFRs are divided in two main classes 
(Chen et al., 2012), the halogen containing PFRs such as tris(2-chloroethyl) phosphate 
(TCEP) and tris (1,3-dichloro- 2- propyl) phosphate (TDCIPP); and the non-halogenated 
PFRs, including tripropyl phosphate (TPP), tri-n-butyl phosphate (TNBP), 2-ethylhexyl 
diphenyl phosphate (EHDPP), tricresyl phosphate (TMPP), tripentyl phosphate (TPEP), 
triphenyl phosphate (TPHP) and tris(2-ethylhexyl) phosphate (TEHP) (Table 1.3.1).  
TPP and TDCIPP are used as replacement of pentaBDE (Babrauskas et al., 2014), the last 
being the one banned from pyjamas in 1978, and TPHP is a substitute for decaBDE (van 
der Veen and de Boer, 2012).  
Recently, the same concern on the development of alternatives for BFRs, also emerged for 
halogen containing PFRs, and the substitution with non-halogenated PFRs is being 
considered. Mainly because their boiling points are higher and therefore they are less 
volatile and thus less likely to be released from materials (van der Veen and de Boer, 
2012). 
Many studies have been conducted over the last decade in order to evaluate the release, 
fate and toxicity of all mentioned FRs, even the ones already phased out. Much of the 
products containing the banned FRs are still in use, and therefore FRs will remain in 
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Table 1.3.1. Examples of phosphorous flame retardants and their uses. 
PFRs  Application 
Halogenated PFRs 
Tris(2-chloroethyl) phosphate (TCEP) PVC, cellulose, coatings, polyester resins, textile, 
polyurethane foam 
Tris (1,3-dichloro- 2- propyl) phosphate 
(TDCIPP) 
Plastic, textile, polyurethane foam 
Non-halogenated PFRs 
Tripropyl phosphate (TPP) Polyurethane foam 
Tri-n-butyl phosphate (TNBP) Varnish, concrete, glue and airplane hydraulic fluids 
2-ethylhexyl diphenyl phosphate (EHDPP) Plastics,  polyurethane foam, paints, glues, lacquers and 
varnishes 
Tricresyl phosphate (TMPP) Hydraulic fluids, PVC, cellulose, cutting oils, plastic, 
polystyrene, thermoplastics, transmission fluids, solvent 
Tripentyl phosphate (TPEP) Plastics,  polyurethane foam, paints, glues, lacquers and 
varnishes 
Triphenyl phosphate (TPHP) Hydraulic fluids, PVC, electronic equipment such as 
video display units cables, casting resins, glues, 
engineering thermoplastics, phenylene-oxide-based 
resins, phenolics resins 
Tris(2-ethylhexyl) phosphate (TEHP) PVC, cellulose, paints and coatings, rubber, solvent, 
polyurethane foam 
Based on Kim et al. (2011), van der Veen and de Boer (2012) and Brandsma et al. (2014). 
 
 
1.3.2. Polychlorinated biphenyls and Organochlorine pesticides 
 
Polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCs) are known as 
hazardous chemicals for human health for decades.  
PCBs are in the list of the twelve chemicals firstly classified as POPs (Table 1.2.2), and 
they result largely from anthropogenic activities. They had great industrial and commercial 
applicability due to their non-flammable properties, chemical stability, high boiling point, 
low heat conductivity and high dielectric constants (EFSA, 2005). Hence, their mainly use 
was as dielectric oil in transformers, capacitors and paint (Cairns and Siegmund, 1981). 
PCBs were also extensively used in other products including carpets and upholstery, 
sealants, coolants, lubricants, pesticides and electronic equipment (Hinwood et al., 2014).  
The contamination by PCBs was first discussed in 1969, when a Swedish scientist detected 
PCBs in fish and birds (Jensen et al., 1969), confirming that their environmental spread led 
to wildlife contamination. With this, the concern on the indirect contamination of certain 
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foods emerged. Then, due to their bioaccumulative potential, PCBs were found in human 
adipose tissue and human milk (Cairns and Siegmund, 1981). 
Although their commercialization was discontinued in almost all industrial countries since 
the late 1980s, PCBs are still being released from many products in use and will persist in 
the environment for long periods of time, as well as in human body, due to their long half-
lifes that varies from days to years depending on the structure and degree of chlorination of 
each congener (EFSA, 2005). 
In order to follow the exponential increase of the world population and the consequent 
need for food production, pesticides have been widely used in order to protect the 
agricultural crops from pests since the 1940s (Grung et al., 2015). They can be classified 
according to their target species, for example herbicides, insecticides and fungicides. 
Hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB), chlordanes (CHLs) and 
dichlorodiphenyltrichloroethane (DDT) are examples of OCs that, such as PCBs, are in the 
“Dirty dozen” list of POPs (Table 1.2.2). The concerns over risk associated with the use of 
pesticides emerged with the findings about DDT contamination described in the “Silent 
Spring” book published in the 1960s (subchapter 1.1.), and the first report of OCs 
contamination in arctic marine mammals by the end of the same decade (Holden, 1970; 
Norstrom and Muir, 1994). As a consequence, the regulation on the chemical pesticides 
use was strengthened. Although the consumption of OCs has been phased out in most 
countries since the 1970s and 1980s, these compounds can still be detected in the 
environment, animals and humans (Saravi and Dehpour, 2016).  
 
1.3.3. Toxic metals 
 
As previously mentioned, metals are also chemicals of concern. Even the metals 
considered as essential for humans such as cobalt, copper, iron, magnesium, manganese, 
molybdenum, selenium, and zinc, they can also be toxic if the exposure is excessive 
(Becking et al., 2007). For some of them, such as chromium and copper, the beneficial 
concentrations are very close to those that can generate toxic effects in humans 
(Tchounwou et al., 2012). Nickel, which is not known as essential to human health but 
may have some beneficial effects at low levels (Goyer, 2004), is also in the list of toxic 
metals. It was, along with chromium, the first metal classified as carcinogen to humans by 
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the International Agency for Research on Cancer (IARC, 1990). Other metals such as 
arsenic, cadmium, lead and mercury are nonessential metals with recognized toxicity 
(Jaishankar et al., 2014). Wherein, lead (Pb) and cadmium (Cd) are two of the most studied 
ones concerning their use, release, spread, human exposure and associated human health 
risks (Figure 1.3.1). In the list of priority substances set by the Agency for Toxic 
Substances and Disease Registry (ATSDR, 2015), Pb occupies the second position and Cd 
the seventh position of the ranking. 
 
Figure 1.3.1. Risk characterization (% health based guidance values) for relevant metals. Source: Yusà and 
Pardo (2015). 
 
Pb was predominantly used in vehicles, electric systems and industrial batteries, paints, 
water piping and as antiknocking agent in gasoline and therefore the main sources of lead 
include: leaded gasoline, industrial emissions and lead based paints (Skerfving and 
Bergdahl, 2007). Pb is a highly poisonous metal which affects almost every organ and 
systems in the human body (Pavón et al., 2015). The greatest percentage of Pb is taken into 
the kidney, followed by the liver and other soft tissues, however it accumulates mostly in 
bones (stored for decades), thus Pb in the skeleton represents the major body fraction 
(EFSA, 2010). The most critical target organ for Pb is the central nervous system, 
especially in developing brains. Pb is known by the potential to cause neurological and 
cognitive disorders, increased blood pressure and cardiovascular and renal diseases (EFSA, 
2010; Pavón et al., 2015). Inorganic Pb has been classified has probably carcinogenic to 
humans (IARC, 2006).  
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Due to the high body burdens of Pb in the modern society (Skerfving and Bergdahl, 2007) 
and the consciousness of its adverse effects, its use was significantly reduced since the 
1970s in developed countries. Such decreases were associated with the phased out of lead 
in gasoline and paints (Yusà and Pardo, 2015). Despite the well-known adverse risks, the 
use of Pb has continued in developing countries, where the disposal centres, for new and 
used leaded products exported from industrialised countries, are often located. This leads 
to serious local and regional environmental contamination as well as health risks to the 
people that use, manage and recycle or dispose these products (US-EPA, 2010). Overall, 
due to numerous hazards and environmental ubiquity, Pb is still a matter of great concern 
even in the countries with strict legislation. 
Cd is used globally as a component in various products. It has been used for electroplating, 
as an anticorrosive, it is used in paint pigments, as stabilizer for plastics and it was widely 
used in the manufacture of nickel-cadmium batteries (Nordberg et al., 2007b; WHO, 
2010). The environmental and health concerns over cadmium exposure led to a decline in 
the commercial use of this metal in developed countries (Tchounwou et al., 2012). In the 
European Union (EU), cadmium use decreased considerably during the 1990s as a 
consequence of the reduction in the manufacture of nickel-cadmium batteries and also due 
the implementation of more restrictive legislation, e.g. Directive 91/338/EEC. This 
directive was an amendment of Directive 76/769/EEC that restricted the marketing and use 
of certain dangerous substances and preparations, and added Cd to this list. In the human 
body, Cd accumulates primarily in the kidney, considered as the critical target organ, 
where this metal is efficiently retained (half-life 10 to 30 years) with levels proportional to 
those in urine (Pavón et al., 2015). It is also efficiently retained in the liver (EFSA, 2012). 
Long-term exposure to Cd can cause several adverse effects being the major ones renal 
tubular dysfunction, osteoporosis and osteomalacia, chronic obstructive lung disease and 
lung cancer (Nordberg et al., 2007b). Furthermore, there is sufficient evidence for their 
carcinogenicity in humans, and therefore Cd and cadmium compounds are considered 
carcinogenic to humans (Group 1) (IARC, 2012). 
Once released into the environment, Pb and Cd stay in circulation because they are not 
degradable in nature, and once in the human body, they will be stored for decades leading 
to a large range of health complications. They are, therefore, relevant harmful metals 
whose extensive research remains important. 
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1.4. Major exposure sources and pathways  
 
The increasing number of studies describing measurable body burdens of environmental 
contaminants associated to the growing epidemiological evidence of human health effects 
led to primary question of how humans are exposed to these compounds. 
According to the Environmental Protection Agency (US-EPA, 2015a), the risk assessment 
of chemicals follows 4 major steps: 
 Hazard identification; 
 Dose-response assessment; 
 Exposure assessment; 
 Risk characterization. 
The exposure assessment is “the process of estimating or measuring the magnitude, 
frequency, and duration of exposure to an agent, along with the number and 
characteristics of the population exposed. Ideally, it describes the sources, routes, 
pathways, and uncertainty in the assessment” (IPCS, 2004). 
Considering this important step, the human exposure to the mentioned compounds (BFRs, 
EBFRs, PFRs, PCBs, OCs, Pb and Cd) may have a countless number of sources. Beyond 
their release from the industrial, commercial and domestic products where they are used 
(see previous sections for details), they are also released during the chemicals’ and 
products’ manufacture, their recycling and disposal (Figure 1.1.1). Therefore, these 
contaminants are reported to occur in the environmental compartments such as air, water, 
soil, sediments and biota and, especially, in the effluents of industrial plants and or waste 
disposal plants (wastewater, incinerators) (EFSA, 2014).  
The exposure to chemicals may occur by three routes: inhalation, ingestion and dermal 
penetration. Inhalation includes the inhalation of dust, vapours, aerosols and fibers present 
in the contaminated air. Ingestion includes the ingestion of contaminated food, water and 
other drinks, and unintentional ingestion of contaminated soil and dust or residual 
chemicals on objects or surfaces which are ingested via object-to-mouth or hand-to-mouth 
activity (affecting mainly young children). Dermal penetration occurs through the skin 
contact with contaminated environmental media (water, sediment, soil and dust) (US-EPA, 
2015a). Due to the numerous sources and various routes, the exposure might occur in 
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different moments of the chemicals life cycle and in different locations, thus the exposure 
can be classified as: 
 occupational exposure 
 non-occupational exposure 
 outdoor exposure 
 indoor exposure 
Many studies assessed the occupational exposure by evaluating the levels and the 
associated adverse effects in the human body. Considering the BFRs, several studies 
revealed elevated serum concentrations of PBDEs in workers from an electronic recycling 
plant (Sjodin et al., 1999), electronic technicians (Jakobsson et al., 2002), carpet installers 
(Stapleton et al., 2008) and fire fighters (Shaw et al., 2013). For PCBs, associations were 
found, for example, between employment in three electrical capacitor manufacturing plants 
and increased intestinal cancer mortality among female long-term workers and excess 
melanoma mortality for male long-term workers (Ruder et al., 2014). As for toxic metals, 
Cd was classified as human carcinogen (Group 1) on the basis of many occupational 
studies (IARC, 2012).  
Regarding the non-occupational exposure, the ingestion of food and ingestion of dust have 
been extensively discussed as major pathways of exposure to BFRs, EBFRs, PFRs, PCBs, 
OCs, Pb and Cd. Likewise, the human exposure to indoor contaminants has gained more 
significance over the years, since the general population tends to spend a large part of their 
lifetime indoors.  These major pathways are describe in the next sections. 
 
1.4.1. Diet – Ingestion of food 
 
The ingestion of food is one of the leading causes of exposure to contaminants. Several 
factors are responsible for the contamination of food. During the production of foodstuffs, 
for example, contamination by hormones and steroids used in livestock production, by 
pesticides and fertilizers used directly in the crops or released from contaminated soils (e.g. 
OCs), by antibiotics used in animal production may occur. Furthermore, bioaccumulation 
along the food chain of fat soluble agricultural and industrial chemicals (e.g. OCs, BFRs, 
PCBs), may also occur. Other potential food contamination opportunities occur during the 
preservation and packing processes with contamination by chemicals added to preserve the 
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food (e.g. additives) and others released from food packaging, such as plastic storage 
containers, cling films and cans (e.g. phthalates and BPA). Additionally, chemicals 
released from the cooking utensils during the food preparation (e.g. PFCs); and chemicals 
created during the food processing (Connolly, 2009) (Figure 1.4.1) are also important. 
Therefore, food can concentrate many chemicals that will be ingested by humans and that 
may interfere with humans’ health. 
 
 
Figure 1.4.1. Contamination of the food from various sources. Based on Connolly (2009). 
 
During the last decade, the number of studies evaluating the dietary intake of FRs, mainly 
BFRs (Schecter et al., 2006; Voorspoels et al., 2007; Driffield et al., 2008; Roosens et al., 
2009; Fernandes et al., 2016; Martellini et al., 2016) has been growing. These studies 
confirm that despite some differences in the concentrations between countries, FRs are 
present in the diet on a worldwide basis. As a result of their bioaccumulative and fat 
solubility properties, the main contributors to BFRs in the diet are meat, fish and dairy 
products (Roosens et al., 2009; Domingo, 2012). Positive associations were even found 
between the consumption of dairy products and meat and the levels of PBDEs detected in 
human breast milk samples (Wu et al., 2007). These animal origin foodstuffs, are also the 
main sources of PCBs (Loutfy et al., 2006; Malisch and Kotz, 2014) and OCs (Kannan et 
al., 1997) in the human diet. Their levels in farm products, such as food grain and 
vegetables, decreased over time after they were phased out, however they are still present 
in the environment, mainly in animal products. Dietary intake of PCBs and OCs is 
estimated to account for over 90% of human exposure (Halldorsson, 2012). 
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Regarding the toxic metals, the consumption of food is also identified as the major 
exposure route to humans, it also accounts for over 90% comparing to the other pathways 
(inhalation and dermal contact) (Bortey-Sam et al., 2015). Many studies revealed the 
ubiquity of Cd and Pb in food (Nasreddine et al., 2010; Becker et al., 2011; Martorell et al., 
2011; Islam et al., 2015; Koch et al., 2016). For metals, besides the animal origin 
foodstuffs, vegetables, cereal products and fruits are also important contributors (Norton et 
al., 2015; Koch et al., 2016) for the human exposure, due to the substantial contamination 
of soils and atmosphere (Ali and Al-Qahtani, 2012).  
 
1.4.2. Dust – Ingestion of house dust 
 
The ingestion of outdoor and indoor dust is an important pathway of exposure to 
environmental contaminants with diverse origins. Mostly because besides the inhaled dust 
humans may involuntary ingest considerable amounts of dust, central tendency of 30 mg 
day-1 estimated for adults and 60 mg day-1 for children (US-EPA, 2011). The higher 
amounts consumed by children are due to the fact that they spend much of their time 
playing on the floor and have the tendency to place objects and their hands on the mouth. 
For example, the hand-to-mouth behaviour is a major pathway for Pb exposure in young 
children (Moya and Phillips, 2014).  
Over the years, the indoor dust has been considered as an important tool to assess the 
exposure of humans to contaminants, especially the persistent ones. This is the result of a 
global concern about the indoor environment quality which emerged because, in modern 
society people spent approximately 90% of their time indoors, including houses, 
workplaces, schools and public spaces (Le Cann et al., 2011), wherein, about 2/3 of that 
time is spent at home. House dust is a complex mixture of organic and inorganic matter 
and it works as a receptor and concentrator for various toxic chemicals from many sources 
(Figure 1.4.2), such as the degradation of building materials; the use of cleaning products, 
cosmetics, biocides, textiles, house furnishings, electric and electronic devices, and other 
household products; indoor activities (e.g. cooking, smoking, burning incense and 
candles); and intrusion of materials brought from outdoors (Mercier et al., 2011). The 
levels of chemicals in dust may be long-term predictors of indoor exposures (Whitehead et 
al., 2011), due to its repository function. 
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Figure 1.4.2. Sources of indoor contamination and pathways of indoor exposure. Adapted from Mercier et 
al. (2011). 
 
Numerous chemicals have been measured in house dust worldwide. Many studies 
evaluated the levels of FRs, pesticides, phthalates, PAHs, PCBs and PFCs, however other 
organic contaminants have been detected in house dust, such as alkaloids and alkylphenols, 
dioxins and furans, musk fragrances, organophosphate esters, organotin compounds, 
parabens, and polychlorobenzenes (Mercier et al., 2011). The levels of inorganic 
compounds in house dust are also of great concern, such as toxic metals (Hogervorst et al., 
2007; Quintana et al., 2008; Ibanez et al., 2010). 
Besides the quantification of FRs in house dust, many studies found positive associations 
between these levels to those detected in human tissues (e.g. blood serum and plasma, 
breast milk and placenta), confirming the human exposure through indoor dust and their 
occurrence in the human body. For few congeners of PBDEs, the levels found in house 
dust were associated to the levels detected in blood plasma (Karlsson et al., 2007), blood 
serum (Stapleton et al., 2012), breast milk (Wu et al., 2007) and umbilical cord plasma 
(Frederiksen et al., 2010). HBCDD levels in indoor dust were also positively associated to 
the concentrations in human blood serum (Roosens et al., 2009), and related to altered 
hormonal levels in blood serum from men (Johnson et al., 2013). Significant correlations 
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were found between the levels of DBDPE and BTBPE in dust and those detected in human 
hair (Zheng et al., 2011).  
Probably due to their increased use and due to the low or not existent bioaccumulative 
potential (van der Veen and de Boer, 2012), the number of studies for the PFRs is limited. 
However, positive associations were found between some PFRs levels in dust and human 
hair, as well as, between their levels in the hair and those of their metabolites in the urine 
(e.g. TDCIPP) (Kucharska et al., 2015). Some urinary metabolites concentrations were also 
correlated to their PFRs precursors in dust (Cequier et al., 2015).  
For Cd and Pb, positive associations have also been found between the levels in dust and in 
human blood (Noonan et al., 2003; Hogervorst et al., 2007) and dust Pb levels are 
considered the best predictor of blood Pb levels in young children (Gulson et al., 2013). 
Given the described environmental contamination and the uninterrupted human exposure 
to a vast number of chemicals and mixtures of chemicals and their deleterious effects, it is 
evident that both the environment and human health are affected. Therefore, it is crucial to 
study and understand which are the main sources of the contaminants and pathways of 
exposure in order to established preventive measures and therefore to reduce exposure. The 
present thesis aims to provide such scientific data by, as mentioned initially, characterizing 
the human exposure in Portugal to several contaminants, through two major pathways, the 
ingestion of food and the ingestion of house dust.  
 
1.5. Aims and Rationale of the thesis 
 
In recent years much attention has been given to the importance of the diet and house dust 
as sources of human exposure to several organic and inorganic toxic chemicals. Based on 
this concern, the main purpose of this thesis is to characterize the human exposure to 
several environmental contaminants and the associated risks through the ingestion of food 
and the ingestion of house dust in Portugal. The contaminants addressed in the present 
thesis include:  
 Flame retardants (FRs): 
- Brominated flame retardants (BFRs): 
 polybrominated diphenyl ethers (PBDEs), 
 hexabromocyclododecanes (HBCDDs); 
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- Emerging brominated flame retardants (EBFRs): 
 decabromodiphenyl ethane (DBDPE), 
 1,2-bis (2,4,6-tribromophenoxy) ethane (BTBPE), 
 1,2-dibromo-4-(1,2-dibromoethyl)- cyclohexane (TBECH); 
- Phosphorus flame retardants (PFRs):  
 tris(2-chloroethyl) phosphate (TCEP), 
 tris (1,3-dichloro- 2- propyl) phosphate (TDCIPP), 
 tripropyl phosphate (TPP), 
 tri-n-butyl phosphate (TNBP), 
 2-ethylhexyl diphenyl phosphate (EHDPP), 
 tricresyl phosphate (TMPP), 
 tripentyl phosphate (TPEP), 
 triphenyl phosphate (TPHP), 
 tris(2-ethylhexyl) phosphate (TEHP); 
 Polychlorinated biphenyls (PCBs); 
 Organochlorine pesticides (OCs): 
- hexachlorocyclohexanes (HCHs), 
- hexachlorobenzene (HCB), 
- chlordanes (CHLs), 
- dichlorodiphenyltrichloroethane (DDT); 
 Toxic metals: 
- lead (Pb); 
- cadmium (Cd). 
 
Despite their ubiquity in the environment, and the numerous reports on the levels of the 
aforementioned contaminants in food and dust samples from different countries, for 
Portugal there is limited or no information about their levels in these type of samples, and 
therefore the risks towards human health from exposure to these contaminants are 
unknown.  
With this work, both pathways of exposure (ingestion of food and house dust) were 
characterized by evaluating the levels of FRs, PCBs, OCs and toxic metals in duplicate diet 
samples (representative of the real diet) and/or in house dust samples provided by 
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Portuguese adult citizens. Regarding the dietary intake, a duplicate diet study was 
implemented and volunteers were recruited from the academic community of the 
University of Aveiro (Portugal). For the intake through the ingestion of house dust, the 
dust samples were collected in houses from three Portuguese cities, namely Aveiro, 
Coimbra and Covilhã. 
Besides the characterization of the levels of the target compounds in food and dust 
samples, the daily/weekly intakes of the contaminants were estimated for each participant 
and each pathway of exposure, and compared to the established tolerable daily/weekly 
intakes (TDI/TWI) or reference doses (RfD) in order to assess the associated risks to the 
exposed population.  
 
1.6. Organization of the thesis 
 
The present thesis is organized in four chapters. The first one provides an overview on the 
environmental contamination by chemicals resulting predominantly from anthropogenic 
activities; on the target organic and inorganic compounds; and the main pathways of 
human exposure. Chapter 2 comprises 4 subchapters structured as scientific papers 
describing the diet habits of a Portuguese academic community and assessing the dietary 
exposure to the target compounds. Chapter 3 comprises 3 subchapters and follows the 
same structure, characterizing the exposure through the ingestion of house dust. The fourth 
chapter provides a general discussion of the obtained results. 
 
Chapter 1: provides an overview about the human exposure to environmental 
contaminants over the present century. It describes the main classes of contaminants and 
provides a brief introduction regarding the occurrence of the target compounds. This 
chapter also describes the major sources of human exposure.  
 
Chapter 2: addresses the dietary exposure to environmental contaminants. 
 
2.1: characterizes the dietary habits of a Portuguese academic community from the 
University of Aveiro, through the implementation of a food frequency questionnaire. 
This chapter is based on the submitted manuscript: Coelho S.D., Maricoto T., Tanabe 
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S., Sousa A.C.A., Nogueira A.J.A., (submitted). Dietary habits of a Portuguese 
academic community – a Food Frequency Questionnaire approach. Alimentação 
Humana. 
 
2.2: describes the concentrations of brominated flame retardants (BFRs), 
polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCs) in duplicate 
diet samples provided by a Portuguese academic community (adults working or 
studying in the University of Aveiro, Portugal), and estimates the participants dietary 
intake of BFRs, PCBs and OCs. This chapter is based on the published paper: Coelho 
S.D., Sousa A.C.A., Isobe T., Kunisue T., Nogueira A.J.A., Tanabe S., (2016). 
Brominated flame retardants and organochlorine compounds in duplicate diet samples 
from a Portuguese academic community. Chemosphere. 160: 89-94.  
 
2.3: describes the concentrations of lead (Pb) in duplicate diet samples provided by 
adults from a Portuguese academic community (working or studying in the University 
of Aveiro, Portugal), and characterizes the risk of cardiovascular and nephrotoxic 
effects associated with the ingestion of Pb through the Margin of Exposure (MOE) 
approach described by the European Food Safety Authority. This chapter is based on 
the published paper: Coelho S.D., Pastorinho M.R., Itai T., Isobe T., Kunisue T., 
Nogueira A.J.A., Tanabe S., Sousa A.C.A., (2016). Lead in duplicate diet samples from 
an academic community.  Science of the Total Environment. 573: 603-607. 
 
2.4: describes the concentrations of cadmium (Cd) in duplicate diet samples provided 
by premenopausal women from the University of Aveiro, and estimates the 
participants’ dietary intake of Cd. This chapter is based on the submitted manuscript: 
Coelho S.D., Maricoto T., Pastorinho M.R., Itai T., Isobe T., Kunisue T., Tanabe S., 
Sousa A.C.A., Nogueira A.J.A., (submitted). Cadmium intake in women from the 
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Chapter 3: addresses the exposure to environmental contaminants via the ingestion of 
house dust. 
 
3.1: provides a critical review of the global occurrence of two brominated flame 
retardants - polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecanes 
(HBCDDs) – in indoor dust, the human exposure via dust ingestion and their 
occurrence in the human body. This chapter is based on the published review paper: 
Coelho, S.D., Sousa, A.C.A., Isobe, T., Tanabe, S., Nogueira, A.J.A., 2014. Flame 
retardants in indoor dust - A review on the levels of polybrominated diphenyl ethers 
and hexabromocyclododecanes. Current Organic Chemistry. 18 (17): 2218-2230. 
 
3.2: describes the levels of brominated flame retardants (BFRs), polychlorinated 
biphenyls (PCBs) and organophosphorus flame retardants (PFRs) in house dust 
samples from two Portuguese cities (Aveiro and Coimbra), and addresses the risks 
associated with dust ingestion by estimating their intakes. This chapter is based on the 
published paper: Coelho S.D., Sousa A.C.A., Isobe T., Kim J.W., Kunisue T., Nogueira 
A.J.A., Tanabe S., 2016. Brominated, chlorinated and phosphate organic contaminants 
in house dust from Portugal. Science of the Total Environment.569-570: 442-449. 
 
3.3: compares the levels of brominated flame retardants (BFRs), polychlorinated 
biphenyls (PCBs) and organochlorine pesticides (OCs) in house dust samples provided 
by non- asthmatic and asthmatic adults from Covilhã, Portugal, as well as their 
intakes, and describes the association of the detected levels and the incidence of 
asthma.  
 
Chapter 4: provides a general discussion of the results obtained in chapter 2 and 3. Since 
each subchapter includes its specific discussion, in this section a global and brief 
discussion of all the obtained results is provided alongside with the most important 
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2.1. Dietary habits of a Portuguese academic community – a Food 
Frequency Questionnaire approach 
 
Abstract 
In Portugal, the traditional diet is Mediterranean, however, and similarly to what is 
happening in other countries, the eating habits are changing, particularly among younger 
generations. As such, the aim of this study was to evaluate the dietary habits of a young 
and literate population. To the best of our knowledge, this is the first study on the diet of an 
academic population in Portugal through the implementation of a food frequency 
questionnaire. The questionnaire was developed and applied to a non-random sample of 
219 individuals, selected by convenience, studying or working in the University of Aveiro, 
Portugal. It was structured in order to evaluate the consumption frequency of several food 
items pooled in 16 groups. Rating was performed through multiple choice answers 
attributed to five consumption frequency categories: never, occasionally, weekly, daily or 
more than once per day. The food category with the highest consumption rates was dairy 
products (90% of daily consumption), followed by other products such as several 
carbohydrates, vegetables and fruit, and olive oil as the favourite cooking oil. For 76.7% of 
the volunteers the body mass index was between the normal range (18.50 and 24.99 
Kg/m2). The consumption of the food items characteristic of the Mediterranean diet is 
notable. However, the dietary profile of this community does not strictly follow the 
recommendations for a healthy diet. 
 
Keywords: food frequency questionnaire, academic community, diet, Portugal. 
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Diet is determinant for the human health condition, thus, the quantity and quality of 
consumed food items are crucial for a healthy lifestyle. It integrates a significant part of 
our daily life, and for most people it is more than a survival matter. Eating is also a cultural 
and social act. In fact, the diet style is considered to be a consequence of several eating 
behaviours based in psychological and social factors (Poínhos et al., 2013). Therefore, the 
types of food items consumed may change according to the social status, lifestyle and 
professional activity. Diet also varies between countries. According to Oxford Committee 
for Famine Relief 1 (OXFAM, 2014), Portugal is among the 12 countries (mainly Western 
European countries and Australia) considered as the best ones to eat around the world. In 
the OXFAM study, food consumption habits were analysed in 125 countries based on the 
four core questions: “Do people have enough to eat?”, “Can people afford to eat?”, “Is 
food of good quality?” and “What is the extent of unhealthy outcomes of people’s diet?“. 
This prime position might be a consequence of the Mediterranean diet adopted in Portugal. 
Portuguese diet is typically composed by fresh, local and seasonal food (INE, 2014).   
The information about the consumed food is crucial for the assessment of the risk and 
impact of different nutrients and toxic chemicals on consumers’ health (Vilone et al., 
2014). According to the World Health Organization (WHO), contamination of food 
products by harmful bacteria, viruses, parasites and toxic chemicals is responsible for more 
than 200 diseases ranging from a simple diarrhoea to chronic diseases such as cancer 
(World Health Organization, 2014a). It is, therefore, important to develop studies that 
allow the description of the type, quantity and quality of the consumed food items and to 
associate diet and health.  
These studies are frequently complemented by Food Frequency Questionnaires (FFQ).  
FFQs are considered as one of the key tools in epidemiological studies of diet and health 
(Cade et al., 2004). They were established during the 80’s and 90’s and have been used 
since then to monitor the populations’ food intake. This tool is one of the most commonly 
used methods in the assessment of food consumption and its association with several 
health problems, as the FFQ adapts itself to the characteristics of the studied population, it 
                                                          
1 Oxfam is an international confederation of 17 organizations working in more than 90 countries to find 
solutions to poverty and injustice around the world. 
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is easy to perform and cost effective (Sauvageot et al., 2013; Maruyama et al., 2015). 
Despite the utility of this kind of questionnaire, the number of studies on the Portuguese 
population feeding habits, using this tool, is scarce (e.g. Lopes et al., 2006). However, 
studies about diet as well as its toxicological characterization are extremely important. 
The present work is part of an ongoing pilot study about the characterization of 
environmental contaminants in the diet of an academic community (Coelho et al., 2014; 
Sousa et al., 2014), that started with the collection of food samples and the application of a 
FFQ. Considering that the consumed food can be associated with the type of diet adopted 
in each country, and with the social status and occupation of the individual, the aim of this 
work is to characterize and describe the type of food consumed by this academic 
community.   
 
2.1.2. Material and Methods 
 
2.1.2.1. Food Frequency Questionnaire  
 
In order to describe and characterize the dietary habits of the University of Aveiro 
academic community, a food frequency questionnaire (FFQ) was developed. The FFQ was 
distributed through the University of Aveiro (UA) email list and was available online from 
May to September 2012. The non-random sample, selected by convenience, consisted of 
219 individuals from the university including students, researchers, teaching and non-
teaching staff, who voluntarily joined the study. 
The questionnaire was structured in order to evaluate the consumption frequency of several 
food items pooled in 16 groups. These groups were classified as: fish (including canned 
fish); seafood; meat; eggs; vegetables; fruit; dairy products; soy and derivatives; bread, 
cereals and similar; oils and fats; sweets and pastry; deep-fried foods (croquettes, meat or 
fish patties, etc.); mayonnaise, ketchup and mustard; pre-cooked meals; fast food; and 
drinks (including canned drinks). The origin of several food products (home grown; 
organic; other) and water (public; water well/borehole; fountain; bottled; filtered) were 
also included. Rating was performed through multiple choice answers attributed to five 
consumption frequency categories: never, occasionally, weekly (from 1 to 6 times a week), 
daily or more than once per day. In order to analyse data as consumption percentage, a 
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score was assigned to each option and the two last options where pooled together as 
“daily” which means 7 or more times a week. 
 
2.1.2.2. Data Analysis  
 
Data analysis was performed using the software Statistical Package for Social Sciences 




Two hundred and nineteen people from 18 to 49 years old answered the FFQ. From the 
obtained sample (characterized in Table 2.1.1), 169 (77.2%) volunteers were women, while 
50 (22.8%) were men. Body Mass Index (BMI) was calculated for each participant 
considering the body weights and heights. For 76.7% of the volunteers the BMI was 
between 18.50 and 24.99 Kg/m2 (normal range, set by the World Health Organization 
(WHO, 2006)). The mean BMI for women was 21.7 Kg/m2 and for men it was 24.7 Kg/m2. 
As the sample comprises an academic community, all participants accomplished the 
Portuguese compulsory education (high school). From this group, 141 (64.4%) were 
students (BSc, MSc and PhD, see Table 2.1.1); 23 (10.5%) and 22 (10%) were associate 
researchers and postdoctoral researchers, respectively; and 33 (15.1%) were employees, 
professors and others (Table 2.1.1). 
Table 2.1.2 shows the results of the consumption frequency profile for each group of food, 
with higher prevalence of food classes such as fish, vegetables, fruit, meat, dairy products, 
olive oil and most basic carbohydrates.  
The food category with the highest consumption rates was dairy products (90% of daily 
consumption), mostly due to the high daily consumption of yogurt (60.2%) and low fat 
milk (52.1%). Daily consumption of carbohydrates (85.8%), vegetables (80.4%) and fruits 
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Table 2.1.1. Population characteristics. 
 No. of participants % of participants 
Gender   
Women 169 77.2 
Men 50 22.8 
Age (years)   
<20 9 4.1 
20-24 83 37.9 
25-29 68 31.1 
30-34 30 13.7 
35-39 18 8.2 
40-44 7 3.2 
45-49 4 1.8 
BMI* (kg/m2)   
<18.50 11 5.0 
18.50 - 24.99 168 76.7 
≥25.00 40 18.3 
Professional Status   
BSc student 46 21.0 
MSc student 51 23.3 
PhD student  43 19.6 
Non - teaching staff 9 4.1 
Teaching staff 8 3.7 
Researcher 23 10.5 
Postdoctoral researcher  22 10.0 
Others 16 7.3 
*Body mass index ranges set by World Health Organization (2006): 
<18.50: Underweight 
18.50 - 24.99: Normal range 
≥25.00 : Overweight 
 
Generally, meat was consumed more frequently (27.9% daily) than fish (4.6% daily) 
(Table 2.1.2). Processed meats such as ham, sausage and salami were the most consumed 
meat type on a daily basis (18.7%) followed by chicken (10.5%) (Figure 2.1.1).   
Processed food, which includes deep-fried food, pre-cooked meals and fast food, is not 
frequently consumed by the participants (Figure 2.1.1), except on an occasional basis, 
63.9%, 61.2% and 80.8%, respectively (Table 2.1.2).  
As for canned food (fish, vegetables, fruit, olives and drinks), the weekly consumption 
frequency was 66.2% (62.7% in the case of women and 78.0% for men). The most 
frequently consumed canned food was fish (47.5%), followed by vegetables (32.4%), 
olives (22.4%), drinks (16.4%) and fruits (6.4%).  
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Generally, oils and fats were frequently consumed (83.1% daily). The favourite cooking oil 
was olive oil, used daily by 79.5% of the participants. Other important characteristic in this 
population’s feeding profile is the daily consumption of sources of fast absorption sugar 
such as sweets and pastry (68.0%); refined sugar (44.7%) and cookies (including “Maria 
cookies”, water cookies and whole-wheat crackers - 22%).  
 
 














Total %  
(Women %; Men %) 
Total %  
(Women %; Men %) 
Total %  
(Women %; Men %) 
Total %  
(Women %; Men %) 
Dairy products 90.0 (91.7; 84.0) 6.8 (5.9; 10.0) 2.7 (1.8; 6.0) 0.5 (0.6; 0) 
Carbohydrates  85.8 (87.6; 80.0) 13.2 (11.2; 20.0) 0.5 ( 0.6; 0) 0.5 (0.6; 0) 
Vegetables 80.4 (82.2; 74.0) 19.2 (17.2;26.0) 0.5 (0.6; 0) 0 
Fruit 67.1 (71.0; 54.0) 30.1 (26.0; 44.0) 2.7 (3.0; 2.0) 0 
Meat  27.9 (24.3; 40.0) 68.9 (72.8; 56.0) 1.4 (1.2; 2.0) 1.8 (1.8; 2.0) 
Fish 4.6 (4.7; 4.0) 80.8 (82.8; 74.0) 12.8 (10.7; 20.0) 1.8 (1.8; 2.0) 
Seafood 0 4.1 (3.0; 8.0) 81.7 (81.7; 82.0) 14.2 (15.4; 10.0) 
Eggs 1.4 (1.2; 2.0) 71.7 (71.6; 72.0) 26.0 (26.0; 26.0) 0.9 (1.2; 0) 
Soy and derivatives 3.7 (4.7; 0) 12.8 (12.4;14.0) 40.6 (39.6; 44.0) 42.9 (43.2; 42.0) 
Deep-fried foods (French fries, 
croquettes, meat or fish patties, 
etc.) 
5.0 (3.0; 12.0) 28.8 (25.4; 40.0) 63.9 (68.6; 48.0) 2.3 (3.0; 0) 
Pre-cooked meals 0.5 (0.6; 0.5) 11.9 (9.5; 20.0) 61.2 (62.1; 58.0) 26.5 ( 27.8; 22.0) 
Fast food 0.5 (0.6; 0) 11.4 (8.9; 20.0) 80.8 (84.0; 70.0) 7.3 (6.5; 10.0) 
Canned food 10.5 (9.5; 14.0) 66.2 (62.7; 78.0) 22.8 (27.2; 8.0) 0.5 (0.6; 0) 
Oils and fats 83.1 (82.8; 84.0) 15.5 (16.0; 14.0) 1.4 (1.2; 2.0) 0 
Mayonnaise, ketchup, mustard, 
etc. 
0.9 (0.6; 2.0)  15.5 ( 13.6; 22.0)  68.9 (69.8; 66.0) 14.6 (16.0; 10.0) 
Sweets and pastry 68.0 (75.7; 42.0) 25.6 (20.1; 44.0) 5.9 (4.1; 12.0) 0.5 (0; 2.0) 
Pulp juices and soft drinks 15.5 (14.2; 20.0) 37.9 (34.9; 48.0) 42.5 (46.2; 30.0) 4.1 (4.7; 2.0) 
Coffee 57.1 (55.0; 64.0) 13.2 (14.8; 8.0) 12.3 (11.2; 16.0) 17.4 (18.9; 12.0) 
Tea and infusions 32.0 (36.1; 18.0) 36.1 (36.7; 34.0) 26.9 (21.3; 46.0) 5.0 (5.9; 2.0) 
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It is also important to mention the weekly consumption frequency of juices (37.9%), such 
as pulp juices (31.5%) and soft drinks (24.7%). 
Coffee and tea are an integral part of the Portuguese diet and therefore there is a relative 
high frequency of daily consumption (57.1 and 32.0%, respectively). 
The number of participants consuming alcoholic beverages on a weekly basis (39.3%) is 
also considerable despite the relatively low number that consumed daily (4.1%). Men’s 
alcohol weekly consumption (64.0%) is twice that of women (32.0%). 
Concerning the origin of food, the consumption of organic products was low varying from 
6.8 to 10.5%, being the organic fruit the most consumed (10.5%). Considering the home 
grown food (consumption ranging from 2.7 to 48.4%), eggs were on top of the list, second 
place went for vegetables (29.7%) followed by meat (18.3%). As for water, bottled water 
was the most commonly consumed (63.5%) followed by public water (19.6%). 
 
2.1.4. Discussion  
 
The aim of this work was to describe the diet of an academic community from the 
University of Aveiro, Portugal. This sample was composed by 169 women and 50 men 
with ages from 18 to 49 years old and exhibited a feeding profile close to the typical 
Mediterranean diet which privileges fresh, local and seasonal food products, mainly olive 
oil, cereals, fruits and vegetables and moderate amounts of fish, dairy products, meat and 
wine (Petrillo, 2012). 
According to WHO, the normal values of BMI for adults range from 18.50 to 24.99 Kg/m2 
(World Health Organization, 2006). Although 18.3% of the studied population showed 
BMI values equal or greater than 25 Kg/m2, suggesting overweight (Table 2.1.1), generally 
it exhibited a BMI profile considered normal with mean values of 21.7 Kg/m2 in the case 
of women and 24.7 Kg/m2 for men. The participants’ BMI mean values are lower than 
those estimated by WHO for Portugal in 2010 (25.7 and 26.5 Kg/m2 in women and men, 
respectively) and 2014 (25.7 and 26.7 Kg/m2 in women and men, respectively) (World 
Health Organization, 2014c). These divergent results might be a consequence of the group 
socio-economic characteristics. Probably, the high educational level led to an advanced 
knowledge on healthy diet and lifestyle habits. This can also explain the percentage of 
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persons (63.0%) which attempt to consume home grown food items or organic food 
(especially eggs, vegetables and fruit).  
As shown in Figure 2.1.1 and Table 2.1.2, the consumption of the food items characteristic 
of the Mediterranean diet is notable. High daily frequencies can be observed for dairy 
products, several carbohydrates, vegetables and fruit, and olive oil as the favourite cooking 
oil. 
Considering the consumption of fish and meat, it is possible to notice a preference towards 
meat, particularly chicken. This tendency was previously described in the report of the 
Portuguese Food Balance in 2008-2012 published by the National Institute of Statistics 
Portugal which disclosed a progressive increase in the demand of poultry meat and a 
decrease in the availability of beef and pork in recent years (INE, 2014).  
A similar FFQ study, the EpiPorto, was performed in a large population from the Oporto 
city, Portugal in 2006 (Lopes et al., 2006), with ages ranging from 18 to more than 65 
years old. When comparing both studies the frequencies of consumption of dairy products, 
carbohydrates, vegetables and fruits were similar. However, some differences appear when 
considering the fish and meat consumption: with daily intakes of 4.6% for fish and 27.9% 
for meat in our study, and 31.2 - 33.6% for fish and 51 - 63.4% for meat in the EpiPorto 
survey. Daily consumption of oils and fats was higher in our study (83.1% vs 60.2 - 
69.2%) as well as the weekly consumption of pulp juices and soft drinks (37.9% vs 13.8 – 
16.0%). Such differences might be explained by the fact that our study was performed in 
2012 and EpiPorto six years earlier; and by the differences in the age and lifestyle. Only 
26.6 – 26.9% of the EpiPorto participants completed the secondary school or above, 
whereas the present study represents a younger and literate population.  
In our study there was a low number of individuals consuming alcohol on a daily basis 
(4.1% vs 25.3 - 68.8%), but the number was considerably higher on a weekly basis (39.3% 
vs 14.4 - 11.8%). Such daily and weekly differences might again, be explained by the 
characteristics of the surveyed population. The academic community, particularly 
university students (which account for 64.4% of our surveyed individuals) have the social 
habit of drinking mainly over the weekends, whereas adults and seniors tend to drink on a 
daily basis. In fact, the consumption of alcoholic beverages (particularly wine and beer) 
reflects an important Portuguese cultural aspect, being widespread in the adult population 
(World Health Organization, 2014b). Our results, however, reveal that only 4.1% of the 
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individuals drink alcoholic beverages on a daily basis. According to the Portuguese 
National Council on Food and Nutrition, and based only on wine consumption, the 
recommended quantities for adult consumption are: maximum 2-3 units/day (28-42 g) for 
men and maximum of 1-2 units/day (14-28 g) for women (International Center for Alcohol 
Policies, 2015).  
Coffee is also an important component of the Portuguese diet (INE, 2014); being 
consumed on a daily basis by 57.1% of the surveyed individuals and predominant over tea 
and infusions consumption (32%). 
The daily consumption of food items with fast absorption sugars, such as refined sugar, 
cookies, pulp juices and soft drinks, demonstrates some changes in the dietary patterns in 
which this type of food items have assumed a greater presence. Such changes are 
particularly worrisome if we consider that when the consumption exceeds the adequate 
daily calorie intake (INE, 2014), they are associated with an increased risk of health 
problems including dental caries, obesity and diabetes (World Health Organization, 2015) 
that are arising in increasingly younger ages. 
Therefore, the elevated frequency consumption of dairy products, fish and meat together 
with the intake of other products, such as deep-fried foods, sweets and canned food, 
suggests a slight deviation from the traditional Mediterranean diet. A similar conclusion 
was previously noticed by Chen and Marques-Vidal in 2007 (Chen and Marques-Vidal, 
2007). These authors mentioned that the Portuguese diet was gradually moving away from 
the Mediterranean style. 
Between men and women the percentages in the consumption frequencies (Table 2.1.2) 
were similar, for most of the listed food items. The main exceptions were observed for the 
daily consumption of sweets, pastry and tea with higher percentages for women; and pre-
cooked meals, canned food and alcoholic beverages displaying higher weekly 
consumptions in men’s diet. It is well established that this type of food items are associated 
with large number of health complications such as increased cardiovascular risk, metabolic 
syndrome obesity, hypertension, diabetes, dyslipidaemia and cancer (World Health 
Organization, 2003). 
Particularly relevant for the consumption of canned foods is the intake of bisphenol A 
(BPA). This organic compound is an endocrine disruptor that is used as protective liner in 
metal cans to maintain the quality of canned foods and beverages and as a coating on 
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residential drinking water storage tanks (EFSA, 2015), however, the possibility of BPA 
migration from can is high (Sungur et al., 2014). Besides BPA other endocrine disrupting 
chemicals, including perfluorochemicals (PFCs), are of concern while consuming, for 
example precooked and fast food meals. PFCs are extensively used in food-packaging 
coatings and cooking materials (Domingo, 2012), therefore, the migration phenomenon is 
also considerable in this case. 
These evidences, suggest that human exposure to such chemicals is higher when 
consuming these products, which further reinforces the importance of consuming fresh, 




This study provides an overview on the dietary habits of the academic community from the 
University of Aveiro. To the best of our knowledge, this is the first study on the dietary 
habits of an academic population in Portugal through the implementation of a food 
frequency questionnaire. Although this method does not allow to quantitatively evaluate 
the nutritive and feeding profile of the surveyed population it allows the analysis of the 
frequencies of consumption of different foods items. The obtained results demonstrate that 
this academic community does not strictly follow the recommendations for a healthy diet, 
nevertheless, the diet of the University of Aveiro surveyed volunteers still keeps many 
characteristics of the Mediterranean diet. 
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2.2. Brominated flame retardants and organochlorine compounds in 
duplicate diet samples from a Portuguese academic community 
 
Abstract 
Concentrations of persistent organic pollutants (POPs), including polybrominated diphenyl 
ethers (PBDEs), hexabromocyclododecanes (HBCDDs), polychlorinated biphenyls 
(PCBs), hexachlorocyclohexane isomers (HCHs), hexachlorobenzene (HCB), chlordane 
compounds (CHLs) and dichlorodiphenyltrichloroethane and its metabolites (DDTs), were 
measured in duplicate diet samples from 21 volunteers at a Portuguese academic 
community (University of Aveiro). Overall, the levels of the target compounds were low, 
with detection frequencies varying widely depending on the compounds and with 
brominated flame retardants (BFRs) registering the lowest detection frequencies. Among 
PCB congeners, nondioxin-like PCBs were predominant and detected in the majority of the 
samples. Organochlorine pesticides were also detected in the majority of the samples, with 
100% detection for DDTs and HCHs. 
Estimated daily intakes (EDIs) were calculated using lower and upper bound estimations, 
and in both cases values were far below the currently established tolerable daily intakes for 
PCBs and OCs and reference doses for PBDEs and HBCDDs. 
 
Keywords: PBDEs, HBCDDs, PCBs, organochlorine pesticides, dietary intake, Portugal
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Exposure to environmental contaminants can occur through different pathways and, 
according to the European Food Safety Authority (EFSA, 2010, 2011b, a, 2012a), 
ingestion of food is particularly important for persistent organic pollutants (POPs). Human 
exposure and environmental contamination by POPs (e.g. organochlorine pesticides and 
brominated flame retardants (BFRs)), is a topic of significant importance worldwide. 
Because of their unique physicochemical properties, POPs are persistent in the 
environment and bioaccumulate through the food chain (Malarvannan et al., 2013; 
Mortimer, 2013). The list of POPs set by the Stockholm Convention includes 
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecanes (HBCDDs), 
polychlorinated dibenzodioxins and polychlorinated dibenzofurans (PCDDs/PCDFs, not 
measured here), polychlorinated biphenyls (PCBs) and some organochlorine pesticides 
(OCs), such as hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB), chlordanes 
(CHLs) and dichlorodiphenyltrichloroethane (DDT) (Stockholm Convention, 2013). 
Besides the BFRs listed as POPs, there are other ‘alternative’ BFRs (emerging BFRs) that 
can be detected in food samples, for example, decabromodiphenyl ethane (DBDPE), 1,2-
bis (2,4,6-tribromophenoxy) ethane (BTBPE) and 1,2-dibromo-4-(1,2-dibromoethyl)-
cyclohexane (TBECH) (EFSA, 2012b). 
In order to test whether diet is a possible exposure route to the aforementioned compounds, 
we quantified the levels of these POPs and emerging BFRs in duplicate diet samples from 
a group of volunteers studying or working in the University of Aveiro, Portugal, and 
estimated the respective daily intakes. 
 




Volunteers were selected during briefing sections held by the researchers at different 
departments of Aveiro University. A sampling kit was delivered to all the volunteers who 
agreed to participate (including students, researchers and teaching and nonteaching staff) 
by signing an informed consent. The participants (n = 21) completed a food frequency 
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questionnaire (FFQ) and were instructed to collect a small part representative of the 
portions of the dietary products consumed in all meals (including snacks) for 7 consecutive 
days. The samples were preserved daily in each participant’s home freezer and, at the end 
of the week, delivered to the researchers who pooled together all samples from the same 
volunteer (7-day duplicate diet sample). The samples were then homogenised using a 
stainless steel hand blender and kept in amber glass vials at −20°C until freeze-drying and 
chemical analysis. 
 
2.2.2.2. Chemical analysis 
 
The PBDEs, HBCDDs, emerging BFRs, OCs and PCBs were analysed according to the 
method described by Asante et al. (2013). 
After freeze-drying, an aliquot of approximately 20–30 g of sample was homogenised with 
anhydrous sodium sulphate (Nacalai Tesque Inc., Japan) and extracted using an SE-100 
High Speed Solvent Extractor (Mitsubishi Chemicals, Japan) with a solution of acetone 
and hexane (1:1, v/v). The solvent was concentrated and filled up to 10 mL with hexane. 
From the obtained 10-mL extract, an aliquot (2 mL) was used for gravimetric lipid 
determination. The remaining extract was spiked with the internal cleanup spikes (IS: 5 ng 
each of 13C12-labelled PBDEs, 
13C12-labelled PCBs and 
13C12-labelled OCs; 10 ng of 
13C12-
labelled HBCDDs) and then subjected to a multi-layer silica gel column (150 ml of 25% 
dichloromethane in hexane, v/v). After this extra cleanup, the sample was subjected to gel 
permeation chromatography (GPC) for lipid removal. The GPC fraction containing the 
target compounds was concentrated and subjected to an activated silica gel column 
(Wakogel DX) for further cleanup and fractioning. The first fraction (eluted with 80 ml of 
5% dichloromethane in hexane, v/v) contained PBDEs, PCBs and OCs, while the second 
fraction (100 ml of 25% dichloromethane in hexane, v/v) contained HBCDDs. Both 
fractions were concentrated individually and spiked with the respective syringe spikes to 
ensure the recoveries of surrogates (13C12-labelled
 BDE-126 and BDE-205 for PBDE IS, 
13C12-labelled
 BDE-139 for PCB IS, pentachloro anisole for OC IS and d18-β-HBCDD for 
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PBDEs, PCBs and emerging BFRs were Identified and quantified using a gas 
chromatograph (GC: Agilent 7980A) coupled with a mass spectrometer (MS: Agilent 
5975C); OCs using a GC (Agilent 7890A) coupled with a triple quadrupole mass 
spectrometer (MS/MS: Agilent 7000) and HBCDDs using a liquid chromatograph (LC: 
Acquity Ultra Performance, Waters) coupled with a MS/MS (Quattro Micro API, 
Micromass). The limits of detection (LODs) were calculated as three times the standard 
deviation of background peaks in the procedural blanks. If a concentration of a given 
compound was below LOD, it was considered as zero for the total and mean 
concentrations calculations (lower bound (LB) estimations). In Table 2.2.1, the upper 
bound (UB) estimations are also depicted (the LOD value was attributed to the values 
<LOD). 
  
2.2.2.3. Dietary Intake calculation 
 
Estimated daily intakes (EDIs) of the target compounds were calculated considering that a 
person ingests daily 1867.2 g of food (data relative to the food ingestion rate in 2012, set 
by the National Institute of Statistics, Portugal (INE, 2014)), and the participants’ body 
weights reported in the FFQ. LB and UB concentration values were also used to estimate 
the daily intakes (Table 2.2.1).  
 
2.2.3. Results and Discussion 
 
2.2.3.1. Concentrations in duplicate diet samples 
 
BFR levels were low and below LODs in most of the samples (Table 2.2.1). Considering 
the PBDE congeners of primary interest (BDE-28, 47, 99, 100, 153, 154, 183 and 209) 
(EFSA, 2011b), BDE-209 showed higher detection frequency (66.7%, n = 14) and 
concentration (range: <LOD–0.22 ng g−1, median: 0.031 ng g−1), followed by BDE-47 and 
BDE-99 that were detected in 4 (19.0%) and 2 (9.5%) samples with values ranging from 
<LOD to 0.014 ng g−1 and <LOD and 0.010 ng g−1, respectively; the median 
concentrations of BDE-47 and BDE-99 were below LOD. The effect of BDE-209 on the 
total concentration of PBDEs can be easily noted when comparing the concentrations of 
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the sum of the eight primary congeners (mean: 0.046 ng g−1) with the concentration 
resulting from the sum of the tri-hepta-BDEs (mean: 0.0024 ng g−1) (Table 2.2.1). In fact, 
the sum of tri-hepta-BDEs is one order of magnitude lower than the sum of the eight 
primary congeners. 
 
Table 2.2.1. Lower bound (LB) and upper bound (UP) concentrations (ng g−1 ww) of the target 
organohalogen compounds in the 21 duplicate diet samples and participants’ estimated dietary daily 








(ng kg-bw−1 day−1) 
PBDEsa 
LB 
Range <LOD–0.23 0–440 0– 9.1 
Mean (Median) 0.049 (0.036) 91 (67) 1.6 (1.1) 
UB 
Range 0.30–0.63 560–1200 6.8–24 
Mean (Median) 0.38 (0.35) 710 (650) 12 (11) 
BDE8b  
LB 
Range <LOD–0.22 0–420 0–8.7 
Mean (Median) 0.046 (0.035) 85 (65) 1.5 (0.98) 
UB 
Range 0.059–0.28 110–520 1.5–11 
Mean (Median) 0.099 (0.090) 190–170 3.1 (2.7) 
Tri-hepta-BDEc  
LB 
Range <LOD–0.021 0–40 0–0.79 
Mean (Median) 0.0024 (<LOD) 4.6 (0) 0.082 (0) 
UB 
Range 0.037–0.060 68–110 0.80–2.2 
Mean (Median) 0.046 (0.042) 86 (78) 1.4 (1.4) 
HBCDDsd  
LB 
Range <LOD–1.2 0–2200 0–37 
Mean (Median) 0.062 (<LOD) 120 (0) 2.0 (0) 
UB 
Range 0.017–1.2 32–2200 0.37–37 
Mean (Median) 0.079 (0.021) 150 (40.0) 2.5 (0.70) 
PCBs 
LB 
Range <LOD–0.95 0–1800 0–36 
Mean (Median) 0.26 (0.17) 490 (320) 8.0 (5.5) 
UB 
Range 0.071–1.4 130–2600 2.4–53 
Mean (Median) 0.48 (0.42) 900.0 (790) 15 (11) 
PCB18e 
LB 
Range <LOD–0.60 0–1100 0–22 
Mean (Median) 0.12 (0.091) 230 (170) 3.8 (3.0) 
UB 
Range 0.020–0.73 37–1400 0.67–27 
Mean (Median) 0.18 (0.17) 330 (320) 5.6 (4.7) 
ndl-PCBsf 
LB 
Range <LOD–0.54 0–1000 0–20.0 
Mean (Median) 0.11 (0.076) 200 (140) 3.3 (2.5) 
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(ng kg-bw−1 day−1) 
UB 
Range 0.012–0.57 23–1100 0.41–21 
Mean (Median) 0.12 (0.087) 220 (160) 3.7 (3.1) 
dl-PCBsg 
LB 
Range <LOD–0.052 0–97 0–1.9 
Mean (Median) 0.014 (0.0097) 26 (18) 0.45 (0.27) 
UB 
Range 0.0080–0.16 14–300.0 0.23–6.0 
Mean (Median) 0.058 (0.027) 110 (49) 1.9 (0.96) 
HCHsh 
LB 
Range 0.0093–0.16 17–290 0.26–4.6 
Mean (Median) 0.043 (0.029) 80.0 (54) 1.4 (0.78) 
UB 
Range 0.032–0.17 60–310 0.90–4.9 
Mean (Median) 0.059 (0.041) 110 (76) 1.9 (1.3) 
HCB 
LB 
Range <LOD–0.062 0–120 0–2.2 
Mean (Median) 0.024 (0.024) 45 (45) 0.77 (0.62) 
UB 
Range 0.0060–0.062 11–120 0.16–2.2 
Mean (Median) 0.025 (0.024) 47 (45) 0.79 (0.62) 
CHLsi 
LB 
Range <LOD–1.0 0–2000 0–30.0 
Mean (Median) 0.12 (0.028) 220 (53) 3.5 (1.0) 
UB 
Range 0.028–1.0 53–2000.0 0.62–30.0 
Mean (Median) 0.14 (0.046) 260 (86) 4.1 (1.7) 
DDTsj 
LB 
Range 0.11–0.73 200–1400 2.4–21 
Mean (Median) 0.35 (0.38) 660 (710) 11 (12) 
UB 
Range 0.12–0.74 230–1400 2.7–22 
Mean (Median) 0.37 (0.40) 690 (740) 11 (12) 
 
a Sum of all congeners 
b Sum of BDE-28, 47, 99, 100, 153, 154, 183, 209 
c Sum of BDE-28, 47, 99, 100, 153, 154, 183 
d Sum of α, β, γ-HBCDD 
e Sum of dioxin-like PCBs and nondioxin-like PCBs 
f Sum of nondioxin-like PCBs (28, 52, 101, 138, 153 and 180) 
g Dioxin-like PCBs (77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 and 189) 
h Sum of α, β, γ , δ-HCH 
i Sum of trans-chlordane, cis-chlordane, trans-nonachlor, cis-nonachlor and oxychlordane 
j Sum of o,p-DDT, o,p-DDD, o,p-DDE, p,p’-DDT, p,p’-DDD, p,p’-DDE 
k Estimated considering the detected concentrations and 1867.2 g/inhab/day as the daily edible per capita in 2012 
(INE, 2014) 
l Estimated considering the detected concentrations, 1867.2 g/inhab/day as the daily edible per capita and each 
participant body weight. 
 
To the best of the authors’ knowledge, only five studies have addressed the levels of 
PBDEs in duplicate diet samples (Harrad et al., 2004; Fromme et al., 2009; Roosens et al., 
2009b; De Filippis et al., 2014; Fujii et al., 2014). Roosens et al. (2009b) analysed PBDEs 
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in duplicate diet samples of 19 students from the University of Antwerp, Belgium, and the 
BDE-209 and tri-hepta-BDEs levels were slightly higher than ours and BDE-47 and 99 
were also the major congeners contributing to the sum of tri-hepta-BDEs. As seen in Table 
2.2.2, it is impossible to compare the total PBDE levels among studies, as different 
congeners were used to quantify the total BDEs. However, excluding the BDE-209 (not 
available for all studies), BDE-47 and BDE-99 were the major contributing congeners to 
the total concentrations in all studies. These observations suggest that Portuguese diet is 
less contaminated by PBDEs than other European countries.  
 
Table 2.2.2. Comparison of PBDE concentrations in duplicate diet samples from Portugal with other 
European countries. 
References Country n BDE-47 BDE-99 BDE-209 ƩBDEs Units 
Harrad et al. 
(2004) 
UK* 10 66.8 63.8 n.a. 181a pg g−1 dw 
Fromme et al. 
(2009) 
Germany** 350 47–5193 34–5062 n.a. n.a. pg g−1 lw 
Roosens et al. 
(2009b) 
Belgium* 19 n.a.d n.a.d 0.139 0.01b ng g−1 ww 
De Filippis et 
al. (2014) 
Italy*** 1 0.00385 0.00243 <0.0743 0.0937c ng g−1 ww 
This study Portugal* 21 <LOD <LOD 0.031 0.035c ng g−1 ww 
*median concentrations; ** range concentrations; ***one pooled sample composed of eight duplicate diet samples. 
a sum of BDEs 47, 99, 100, 153 and 154; b sum of BDEs 28,47, 99, 100, 153, 154 and 183; c sum of BDEs 28,47, 99, 
100, 153, 154, 183 and 209; d although the authors do not describe the concentrations of BDE 47 and 99, they 
consider them as major contributing congeners. 
n.a. information not available; dw: dry weight, lw: lipid weight, ww: wet weight. 
 
For HBCDDs, the levels of the individual isomers (α, β, γ-HBCDD) were mostly below 
LOD, and α-HBCDD was the most frequent isomer (23.8%, n = 5). The total 
concentrations of HBCDDs varied from <LOD to 1.2 ng g−1 ww (median: <LOD, Table 
2.2.1). Similar results were obtained in the duplicate diet samples of 16 Belgian students 
from the University of Antwerp (range: <0.01–0.35 ng g−1 ww) (Roosens et al., 2009a), 
which is the only reported duplicate diet study for HBCDDs in Europe.  
The concentrations of emerging BFRs (DBDPE, BTBPE and TBECH) were all below 
LOD and therefore the results will not be further discussed.  
The total concentrations of all PCB congeners as well as the concentrations of dioxin-like 
PCBs (dl-PCBs: 77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 and 189) and 
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nondioxin-like PCBs (ndl-PCBs: 28, 52, 101, 138, 153 and 180) are shown in Table 2.2.1. 
The most prevalent PCB congeners were nondioxin-like PCBs, 138 (95.2%, n = 20), 153 
(95.2%, n = 20), 180 (81.0%, n = 17) and 101 (76.2%, n = 16). When comparing with 
dioxin-like PCBs (median: 0.0097 ng g−1 ww), these nondioxin-like PCBs (median: 0.076 
ng g−1 ww) constitute the larger proportion of the total PCBs (Figure 2.2.1).  
There are several market-basket surveys describing the PCB levels in food; however, in 
Europe, only two studies are available for duplicate diet (e.g. Roosens et al., 2010; De 
Filippis et al., 2014). Roosens et al. (2010) revealed the levels of PCBs in 19 duplicate diet 
samples from Antwerp University students and showed that PCB 138 and 153 were the 
major contributors to the total PCB concentrations, similar to our survey. These two ndl-
PCB congeners were also the most prevalent in samples of food items purchased from 
Portuguese retail shops, including salmon, butter and cabbage (Zuccato et al., 2008). In the 
survey conducted by De Filippis et al. (2014), the results have been reported for one 
pooled sample in terms of the sum of dl-PCBs, PCDDs and PCDFs, and hence it was 
impossible to compare with our results. 
 
 
Figure 2.2.1. Boxplot summarising the variation in concentrations of the target compounds in 21 duplicate 
diet samples. Outliers, maximum, minimum, median and the 25th and 75th percentiles are presented (ng 
g−1 ww). For those samples in which some compounds were below the LOD, we considered those values 
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Concerning the high persistence of OCs, although their agricultural use has been banned, 
these contaminants were still detected in the majority of the duplicate diet samples, with 
DDTs and HCHs being detected in 100% of the samples, and HCB and CHLs in 85.7% (n 
= 18) and 71.4% (n = 15), respectively. The higher detection frequency, mean (0.35 ng g−1) 
and median (0.38 ng g−1) values of DDTs comparing with the other OCs have revealed 
their leading presence in the analysed diet samples (Figure 2.2.1), regardless of the ban on 
their use as a pesticide in the European Union since 1986 (EFSA, 2006).  
As mentioned earlier, there is limited information on the levels of POPs in duplicate diet 
samples. Such scarcity of data is probably related with the difficulties in collecting this 
type of samples. Nevertheless, there are several surveys describing the levels of POPs in 
selected food items, namely fish, meat and dairy products (Gasull et al., 2011). The 
available data suggest that distribution of BFRs, PCBs and OCs varies among foodstuff, 
wherein fish, meat and dairy products have been reported in several surveys as important 
contributors to total dietary intake of POPs (Gasull et al., 2011). Therefore, the low 
frequencies of detection (e.g. BFRs) and low concentrations observed in this study are 
possibly associated with intrinsic characteristics of the collection procedure. By 
homogenising proportional parts of complete meals, the detection of POPs in this type of 
samples can be compromised as the quantities of less-contaminated ingredients (e.g. 
carbohydrates) exceeded the high-contaminated ones (e.g. fish, meat and dairies). 
Nevertheless, duplicate diet surveys ensure that the measured levels reflect all the different 
contamination sources (Vestergren and Cousins, 2013) and therefore allow to quantify the 
actual levels to which participants are exposed (that can be from the food item itself, or 
introduced in the food by packing material and cooking processes).  
 
2.2.3.2. Dietary daily intakes 
 
In order to understand human exposure to these POPs through food ingestion, the dietary 
daily intakes were estimated from the concentrations detected in the duplicate diet samples 
(using both LB and UB estimations) and 1867.2 g as the daily edible per capita reported in 
2012 (INE, 2014) (Table 2.2.1). The EDIs for PBDEs and LB and UB estimations varied 
from 0 to 440 and 560 to 1200 ng day−1, respectively. For HBCDDs, they varied from 0 to 
2200 and 32 to 2200 ng day−1 for LB and UB estimations, respectively. Although the 
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median EDI for PBDEs (67–650 ng day−1, LB–UB) was higher than the median value of 
HBCDDs (0–40 ng day−1, LB and UB), the highest EDI (2200 ng day−1) was found for 
HBCDDs in one sample. This can be explained by the fact that the use of HBCDDs in the 
European Union continued until August 2015, while the use of PBDEs was phased out in 
2004 (Penta and Octa formulations) and 2008 (Deca-BDE) (Coelho et al., 2014). 
Considering the LB estimations, the mean and median EDIs for PBDEs in our survey were 
lower than the values reported in the Belgian (Roosens et al., 2009b) and German (Fromme 
et al., 2009) duplicate diet studies, but in the case of HBCDDs, the highest EDI observed in 
this study was two orders of magnitude higher than the value described by Roosens et al. 
(2009a) in Belgium (range: 1.2–20 ng day−1, median: 5.5 ng day−1). Because of the 
uncertainties and deficiencies in the PBDE and HBCDD toxicological databases, their 
tolerable daily intakes (TDIs) are not established (Lambropoulou et al., 2010). However, 
the EDIs per kilogram of body weight, which was obtained from each participant, observed 
in this study were well below the reference doses for BDE-47 (100 ng kg-bw−1 day−1), 
BDE-99 (100 ng kg-bw−1 day−1) and BDE-209 (7000 ng.kg-bw−1 day−1) set by the US EPA 
(United States Environmental Protection Agency), and for HBCDDs (200 ng kg-bw−1 
day−1) set by the US National Research Council (Björklund, 2011). 
EDIs of PCBs varied from 0 to 1800 and 130 to 2600 ng day−1 for LB and UB estimations, 
respectively (median: 320–790 ng day−1, LB–UB) (Table 2.2.1) and were higher than the 
values reported by Roosens et al. (2010) with the sum of PCB 118, 138, 153, 180 and 170 
ranging from 40 to 204 ng day−1 (median: 133 ng day−1). The EDIs per kilogram of body 
weight of PCBs were lower than the TDI of 1 µg kg-bw−1 day−1 set by the United Nations 
Food and Agriculture Organization and World Health Organization (FAO/WHO) 
(Simmonds et al., 2002). For the DL-PCBs, we further calculated the WHO TEQ values 
(van den Berg et al., 2006). The average EDIs for the sum of dl-PCBs were 0.41 and 110 
pg WHO TEQ kg-bw−1 week−1 for LB and UB estimates, respectively. Whilst the LB 
values are much lower than the tolerable weekly intake (14 pg WHO TEQ kg-bw−1 
week−1) set by the EU Scientific Committee on food and the provisional tolerable monthly 
intake established by the Joint FAO/WHO Expert Committee on Food Additives (70 pg 
WHO TEQ kg-bw−1 month−1) (Malisch and Kotz, 2014), the UB estimates are higher. 
Nevertheless because of huge differences between LB and UB estimations (over three 
  
 
Chapter 2. Diet 
 
- 67 - 
 
orders of magnitude), a high degree of uncertainty exists and these results should be 
carefully addressed. 
For OCs, the EDIs per kilogram of body weight (Table 2.2.1) were lower than the TDIs 
established by WHO: 8, 0.17, 0.5 and 20 µg kg-bw−1 day−1 for HCH, HCB, CHLs and 
DDTs, respectively (Simmonds et al., 2002; Falco et al., 2004; EFSA, 2007). These 





Overall, the duplicate diet samples disclosed low concentrations of BFRs, PCBs and OCs. 
In fact, the levels of PBDEs and HBCDDs in several samples were below the LOD, which 
indicates that diet is not an important source of these BFRs in the studied population. 
Nevertheless, PCBs and organochlorine pesticides were detected in most of the samples, 
with DDTs being found in all the samples analysed.  
Our results also showed that the EDIs of the selected POPs (PCDDs/PCDFs are not 
measured here) were far below the reference doses established for PBDEs and HBCDDs 
and below the TDIs set for PCBs and OCs.  
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2.3. Lead in duplicate diet samples from an academic community   
 
Abstract 
Lead is a naturally occurring element that with the advent of the industrial era became a 
serious environmental and public health issue. Leaded gasoline, lead based paints, use of 
lead in plumbing and water pipes, ceramics with lead-containing glazes and tobacco smoke 
are potential sources of lead exposure for humans. Despite these multiple sources, food is 
still considered the most important one for the general non-smoking population. 
Hence, in the present study, the dietary intake of lead was determined in duplicate diet 
samples provided by 30 participants working or studying at University of Aveiro, Portugal. 
Pb was detected in all the analysed samples with values ranging between 0.009 and 0.10 
mg kg−1ww which correspond to estimated daily intakes between 0.22 and 3.5 μg kg-bw−1 
day−1. Risk estimations disclose that at least 3.3% and 26.7% of the participants might 
suffer cardiovascular and nephrotoxic effects, respectively. 
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Metals are ubiquitous and naturally present in the environment, however anthropogenic 
activities are responsible for increased emissions of these contaminants into the ecosystems 
(Nordberg et al., 2007). Lead (Pb) is a non-essential metal for which the major historical 
sources were lead based paints, gasoline, piping used in tap water distribution and several 
consumer products (EFSA, 2012). Over the last few decades, lead emissions in developed 
countries have decreased significantly due to the prohibition of leaded gasoline and lead 
based paints (Pavón et al., 2015). Despite such restrictions, Pb poisoning is still a matter of 
great concern. This metal is a well-known neurotoxicant, particularly for children (Chiodo 
et al., 2007; ATSDR, 2007). It is also associated with hypertension and chronic kidney 
disease (EFSA, 2010). According to the International Agency for Research on Cancer 
(IARC) inorganic Pb compounds are classified as “probably carcinogenic” to humans 
(Group 2 A) (IARC, 2006). Hence, the establishment of tolerable intake levels is of upmost 
importance. In Europe, the European Food Safety Agency (EFSA) is responsible to set the 
tolerable doses for environmental contaminants. Lead toxicity was revised in 2010 by the 
EFSA Panel on Contaminants in the Food Chain - CONTAM Panel (EFSA, 2010). The 
CONTAM Panel considered that the Provisional Tolerable Weekly Intake (PTWI) set by 
JECFA (Joint FAO/WHO Expert Committee on Food Additives) for Pb (25 μg kg-bw−1 
week−1) was no longer appropriate, as there was no evidence for a threshold for critical 
effects induced by this metal (Chiodo et al., 2007; EFSA, 2010). Therefore, no safe lead 
level could be established (EFSA, 2010). However the Panel identified three endpoints as 
the critical effects for risk assessment: developmental neurotoxicity in young children 
(DN), systolic blood pressure (SBP) and chronic kidney disease (CKD) in adults. They 
determined the 95th percentile lower confidence limit of the benchmark dose of 1% extra 
risk (BMDL01) for DN of 12 μg L−1 of Pb in blood which corresponds to an intake of 0.50 
μg kg-bw−1 day−1 (BMDL01, 12 (0.50)); for SBP the benchmark dose was set at 36 μg L−1 
of Pb in blood corresponding to an intake of 1.50 μg kg-bw−1 day−1 (BMDL01, 36 (1.50)); 
and for CKD the BMDL10 (of 10% extra risk) was set at 15 μg L−1 of Pb in blood which 
corresponds to dietary intake values of 0.63 μg kg-bw−1 day−1 (BMDL10, 15 (0.63) (EFSA, 
2010). These blood Pb levels were calculated using the Carlisle and Wade (1992) equation, 
and USEPA's IEUBK model (US-EPA, 2010), respectively. The Carlisle and Wade (1992) 
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equation estimates blood Pb in adults, and considers five pathways – (1) dietary, (2) 
drinking water, (3) soil and dust ingestion, (4) inhalation, and (5) dermal contact. Each of 
these pathways is represented by its own equation that relates an incremental increase in 
blood Pb level to a concentration in a medium, using contact rates and pathway specific 
constants (Carlisle and Wade, 1992). The median blood Pb concentration is a result of the 
contributions of all the exposure pathways (Carlisle and Wade, 1992). However, the 
CONTAM panel (EFSA, 2010) considered the drinking water and the dermal contact 
pathways as non-relevant, and therefore they calculated blood lead levels [PbB] using an 





where, [PbB]: Blood Pb level (μg L−1); [Pbdiet]: Pb level in diet (μg kg−1 diet); Contact rate: 
amount of diet (kg diet day−1);[Pbsoil + dust]: Pb level in soil and dust (mg kg
−1); [Pbair]: air 
Pb level (μg m−3). 
The coefficients used in Eq. (1), namely the dietary constant (0.4 μg Pb L−1 blood/μg Pb 
day−1), the soil + dust constant (0.18 μg Pb L−1 blood/μg ingested Pb day−1) and the 
inhalation constant (16.4 μg Pb L−1/μg m−3) were the ones included by Carlisle and Wade 
(1992) in the original equation whereas the constant 0.025 was included by EFSA (see 
explanation below).  These constants were obtained as follows: (i) the dietary constant (0.4 
μg Pb L−1 blood/μg Pb day−1) was an empirically derived value based in studies of plant 
uptake from Pb contaminated soils, as recommended by US-EPA (US-EPA, 1986). (ii) The 
soil + dust constant (0.18 μg Pb L−1 blood/μg ingested Pb day−1) represents 44% of the lead 
ingested with food or water, since this was the highest bioavailability value registered by 
Chaney et al. (1989) for soil lead concentrations inferior to 1000 mg kg−1. (iii) The 
constant 0.025 was not included in the equation originally presented by Carlisle and Wade 
(1992) as they did not integrate dust ingestion in their original calculations. It is our 
assumption that the constant 0.025 was included by EFSA experts in the calculations in 
order to account for the percentage of bioavailable lead reaching the blood via ingested 
dust (the CONTAM Panel document offers no explanation). (iv) The inhalation constant 
(16.4 μg Pb L−1/μg m−3) refers to continuously breathed air (adults) that was based on 
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results of experimental exposures and epidemiological studies. These studies considered 
other pathways rather than inhalation to calculate lead airborne concentrations. The slopes 
found by those studies varied from 1.25 to 2.14 in adults at Pb atmospheric concentrations 
up to 5 μgm-3 (US-EPA, 1986). 
The EFSA CONTAM Panel when estimating the blood Pb levels for the endpoints SBP, 
CKD, and ND considered the exposure from air and from soil and dust negligible and 
therefore the numerical values indicated for these endpoints (36 μg L−1 for SBP, 15 μg L−1 
for CKD and 12 μg L−1 for ND) did not include these air and soil/dust terms and the 
estimation of blood Pb levels was solely based on the dietary intake. 
Considering that food ingestion is the main exposure pathway to Pb in the general non-
smoking population (EFSA, 2012) the aim of this study is to characterize the exposure of a 
Portuguese academic community (University of Aveiro, Portugal) to this metal through 
food consumption by evaluating its levels in duplicate diet samples. 
 
2.3.2. Material and Methods 
 
Between May and June 2012 a convenience sampling campaign was launched at 
University of Aveiro, Portugal. Several briefing sessions were conducted in selected 
departments in order to disseminate information about the project and to recruit volunteers. 
All the individuals that volunteered (including students, researchers, teaching and 
nonteaching staff) received a sampling kit and signed an informed consent to confirm their 
willingness to participate. Details on the sampling procedure are provided in a previous 
publication (Coelho et al., 2016) and are largely based on the procedure described by 
Roosens et al. (2009). In brief, each participant collected a small representative portion of 
the dietary products consumed in all meals (including snacks) during a week (7 
consecutive days), while maintaining their regular dietary habits and completed a 
questionnaire. Samples were preserved daily in the participants' domestic freezers and 
delivered to the research team at the end of the week. At the laboratory, the samples from 
each participant (composed of all the samples collected daily by each volunteer during the 
7 days) were pooled together, homogenised through a stainless-steel hand blender and kept 
in centrifuge tubes in the dark at −20 °C. Before chemical analysis, the samples were 
freeze dried and the moisture content determined.  
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An aliquot of about 200 mg of each duplicate diet sample (n=30) was placed in a cleaned 
Teflon screw top digestion vessel with 5 mL of concentrated nitric acid (Wako Pure 
Chemical Industries, Ltd.). Samples were digested in a microwave system (Ethos D, 
Milestone). Once cooled, the digested samples were diluted to 50 mL with Milli-Q water. 
Measurements were performed using an inductively coupled plasma mass spectrometer 
(ICP-MS; Agilent 7500cx, Agilent Technologies). For quality assurance and quality 
control certified calibration standards (purchased from Wako Pure Chemical Industries, 
Japan) were used, and analysis of matrix spikes performed. Rhodium was used as internal 
standard. Reagent blanks (nitric acid) and the certified standard reference material Oyster 
Tissue (NIST SRM1566b; Pb Certified Mass Fraction Value = 0.308 ± 0.009 mg kg−1) 
were analysed with each batch of samples and the recoveries varied between 110 and 
115%. Detection limit of the technique (for 208Pb and determined based on three times the 
standard deviation of ten successive measurements of the blank) was 0.05 μg L−1. 
Estimated daily intakes (EDIs) were calculated considering 1.867 kg inhab−1 day−1 as the 
daily edible consumption per capita in Portugal set by the National Institute of Statistics, 
Portugal (INE, 2014) and the participants' body weights reported in the questionnaire (45–
95 kg). The influence of sex, occupation and age were evaluated by means of Mann-
Whitney U test, Kruskal-Wallis test and Spearman Correlation, respectively. The analysis 
were performed using IBM SPSS Statistics 20 for a significance level of 0.05. 
The blood lead concentrations were estimated using two different approaches: one 
considering all exposure sources as depicted in Eq. (1) and the other one excluding 
exposure from air and from soil and dust, as performed by EFSA (see Introduction 
section). The parameters used in the calculations were: [Pbdiet]=concentrations of lead 
detected in the samples (mg kg−1); Contact rate: 1.867 kg inhab−1 day−1 (INE, 2014); 
[Pbair]: 1 μg Pb m−3, value for the Aveiro region calculated from Freitas et al. (2005); Soil: 
71.70 mg kg−1, a geometric mean calculated from data by Patinha et al. (2012); House 
Dust: 79.77 mg kg−1, value obtained from a default mass fraction outdoor-indoor dust 
conversion factor of 0.70 (US-EPA, 2008). This estimated value is in good agreement with 
previous studies performed by the team where the geometric mean of 84.0 mg kg−1 was 
obtained for a house dust survey in Aveiro households (Sousa et al., 2012). 
Considering that children living in the same household as the participants are highly likely 
to follow the same diet as the adults, we further estimated children blood Pb levels using 
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the Integrated Exposure Uptake Biokinetic Model (IEUBK) for Pb in children. The IEUBK 
model used (IEUBKwin v1.1 build 11, Windows® version) includes, besides diet, indoor 
air, drinking water, soil and house dust. For this work, the topmost age range available in 
the IEUBK estimation model (6–7 years old) was used. Parameters used in the model 
were: Diet: intake calculated on the basis of 1/3 of the contact rate of adults (DGS, 2014) = 
0.6224 kg child−1 day−1; Air: 30% of the outdoor value (US-EPA, 2007) set at 1 μg Pb m−3 
(Freitas et al., 2005); Drinking Water: 2.0 μg Pb L−1, a conservative value extrapolated 
from reports by ADRA (the municipal water distribution system for the Aveiro Region) 
that report levels <3 μg Pb L−1 (ADRA, 2014); Soil and House Dust: similar to those stated 
above. Since local variations are not likely, several default values of the model for the 6–7 
years old range regarding Air [time outdoors (4 h), ventilation rate (7 m3 day−1), lung 
absorption (32%)], and Water consumption (0.59 L day−1) were maintained in the 
computation (US-EPA, 2010). The IEUBK model has been proven robust even when large 
deviations from the default parameters applied in its development are used, as has been 
recently demonstrated by Li et al. (2016) in the lead risk assessment of children living in 
polluted areas of Central China. 
 
2.3.3. Results and Discussion 
 
Twenty three women and seven men (n=30), with ages between 21 and 48 years old 
(mean: 30 ± 7), participated in the study. At the time of the study they were working or 
studying at the University of Aveiro and followed an omnivorous diet. Pb was detected in 
all the 30 duplicate diet samples with values ranging from 0.009 to 0.10 mg kg−1 wet 
weight (median 0.02 mg kg−1 ww). The estimated daily intakes (EDI), calculated using the 
Pb concentration in each sample, the individual body weight of each participant and the 
amount of food consumed in average by adults in Portugal in the year the sampling took 
place (1.867 kg inhab−1 day−1), varied between 0.22 and 3.5 μg kg-bw−1 day−1 (median 
0.47 μg kg-bw−1 day−1). 
No significant differences were obtained between the levels of Pb in the duplicate diet 
samples or the dietary intake of Pb and the occupation (Kruskal-Wallis test, p > 0.05). 
Additionally, no significant differences were obtained between Pb levels and the 
participants' gender (Mann-Whitney U test, p > 0.05). Furthermore, no significant 
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correlation was obtained between the levels of Pb and the participants' age (Spearman 
Correlation, p > 0.05). 
Table 2.3.1 describes, to the best of our knowledge, the available duplicate diet studies 
(DDS) for Pb performed around the world since 2000. The mean dietary intake of Pb 
estimated for the present study (38.3 μg day−1) approximated these determined in Italy 
(Alberti-Fidanza et al., 2003), India (Raghunath et al., 2006) and Germany (Wilhelm et al., 
2002, 2003). A study performed in Japan indicated the lowest intake (6.74 μg day−1) (Aung 
et al., 2006), whereas studies in Poland and China presented values above 100 μg day−1 
(Marzec and Schlegel-Zawadzka, 2004; Liu et al., 2010). Overall, the calculated dietary 
intakes, by spanning three orders of magnitude (from units to hundreds μg day−1) show that 
dietary exposure varies with geographic location. However, since some authors and 
international organizations demonstrated that there is no known level of Pb exposure that 
can be considered safe (e.g. Chiodo et al., 2007; EFSA, 2010) the exposure to Pb via diet 
potentially poses a worldwide health concern. 
 
Table 2.3.1. Comparison of the Pb estimated daily intakes (EDI) means from different 
locations around the world. 
References Country EDI (µg day-1) 
Alberti-Fidanza et al. (2003) Italy 43.1; 51.0 (♀; ♂) 
Aung et al. (2006) Japan 6.74 
Domingo et al. (2012) Spain 19.8 
Liu et al. (2010) China 102.2* 
Marzec and Schlegel-Zawadzka (2004) Poland 
66.5 – 106.0 
(means range) 
Raghunath et al. (2006) India 
32.3 
(Geo mean) 
Wilhelm et al. (2002) Germany _ 
Wilhelm et al. (2003) Germany 23.5 
Present study Portugal 38.3 
*estimated considering adult weight of 70 kg. 
 
In the present study, the median daily intake was 0.47 μg kg bw−1 day−1. This value is very 
close to the dietary intakes related to the Bench Mark Dose Level (BMDL) derived from 
developmental neurotoxicity. Moreover, the obtained range (0.22–3.5 μg kg-bw−1 day−1) 
comprises EDIs higher than the BMDLs set for the three endpoints: developmental 
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neurotoxicity (DN), systolic blood pressure (SBP) and chronic kidney disease (CKD) 
(EFSA, 2010). 
In order to characterize risk associated with Pb ingestion we further applied the Margin of 
Exposure approach (MOE) (MOE=BMDLendpoint/dietary exposure estimate) (EFSA, 2010). 
Considering that the DN endpoint is applicable solely to children, the MOE for DN was 
not calculated. The MOE returned a median value of 0.3 for SBP (variation between 0.2 
and 2.0, but only one value above 1) and 0.8 for CKD (variation between 0.4 and 4.9, with 
8 values above 1). Such results indicate that for the studied population, the risk of 
cardiovascular effects is reduced (3.3%), while for nephrotoxicity the effects are more 
significant, with a quarter of the population at risk (26.7%). This means that despite the 
successive measures in Portugal to reduce the release of Pb by anthropogenic activities, 
such as the ban of its use in the manufacture of paints and gasoline (since 1993 and 1999, 
respectively) (DL No. 54/93 and DL No. 186/99), the exposure to Pb is still high and raises 
concern relatively to possible toxic health effects. 
In order to better characterize the risk associated with Pb ingestion we also calculated the 
blood Pb levels. The estimations of the Pb in blood for adults (Carlisle and Wade equation) 
are presented in Figure 2.3.1. Since Aveiro area is an important historical industrial hub, 
we further considered other exposure pathways (such as air, soil and dust) using local 
specific monitoring data (Figure 2.3.1, left side: all sources = dietary + non-dietary) (see 
Material and methods section for details). Calculations of the Pb blood concentrations 
corresponding to children following the same diet were also performed using the IEUBK 
model and are depicted in Figure 2.3.2.  
The correspondence between dietary intakes and Pb in blood (i.e., DN: 0.50 μg kg-bw−1 
day−1 = 12 μg Pb L−1; SBP: 1.50 μg kg bw−1 day−1 = 36 μg Pb L−1, and CKD: 0.63 μg kg-
bw−1 day−1 = 15 μg Pb L−1) was, as previously mentioned, calculated by the CONTAM 
Panel by considering only the dietary exposure fraction (see Introduction section). The 
panel decision was taken after due consideration of epidemiological data and health 
significance of observed changes associated with blood Pb levels from a considerably large 
amount of datasets from around the world and not necessarily representative of the 
European space alone. 
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Figure 2.3.1. Estimation of Pb blood concentrations calculated using the Carlisle and Wade (1992) 
equation considering the diet, soil and house dust ingestion, and inhalation pathways (“All sources”) and 
the diet pathway alone (“Dietary”). Values for elevated systolic blood pressure (SBP= 36 µg L-1 of blood) 
and chronic kidney disease (CKD= 15 µg L-1 of blood) endpoints as established by EFSA (2010) are 
indicated. Values presented are the median, 1st and 3rd quartiles, and outliers (*). 
 
From a practical point of view, it corresponds to saying that only the dietary source can 
contribute to increasing blood Pb levels and thus elicit neurodevelopmental, cardiovascular 
and renal effects. However, as clearly indicated in the original equation (Eq. 1), all sources 
have a contribution to circulating Pb. The dismissal as negligible by EFSA eminently 
derives from a need to represent the general population and not from the lack of 
acknowledgement of the relevance of all sources to [PbB]. For this reason we used the 
same models to estimate Pb levels of the studied population when all sources are 
considered. 
For adults, the dietary source corresponded to a median blood Pb concentration of 11.9 μg 
L−1, varying between 6.5 and 73.4 μg L−1. The obtained distribution is, in its majority, 
inside the range indicated for “average consumers” (9–30 μg L−1) by EFSA (2010). 
However, when all sources are included in the calculation this profile becomes closer to 
the one indicated for “high consumers” (18–58 μg L−1) (EFSA, 2010), with values raised to 
17.1, 11.7 and 78.6 μg L−1, respectively (Figure 2.3.1). This implies that the risk from 
dietary sources alone, will be raised from 3.3% for SBP and 26.7% for CKD to 6.7% for 
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SBP and 73.3% for CKD, when all sources are considered. Despite SBP not being in itself 
adverse, it is known to be linearly correlated with the incidence stroke and myocardial 
infarction. Chronic kidney disease is also linearly correlated with a decrease in glomerular 
filtration. This means that higher concentrations of circulating Pb in blood will correspond 
to higher blood pressure and lower glomerular filtration rates, which increases the 
possibility of effects in some participants. The differences obtained between the two 
calculation approaches (diet alone versus all sources) reinforces the need to use all sources 
when evaluating risk associated with lead exposure. 
 
Figure 2.3.2. Estimation of Pb blood concentrations in children between 6 and 7 years old 
hypothetically following the same diet as the participants in this study calculated using the USEPA’s 
IEUBK model (IEUBKwin v1.1 build 11) (USEPA, 2010), considering the inhalation, diet, drinking 
water, and soil and house dust ingestion pathways (“All sources”) and the diet pathway alone 
(“Dietary”). The Value for developmental neurotoxicity endpoint (DN= 12 µg L-1 of blood) is 
indicated. Values presented are the median, 1st and 3rd quartiles, and outliers (*). 
 
The estimations of the [Pb] in children's blood demonstrated the same patterns: when only 
the dietary contribution is considered the obtained median is 5.0 μg L−1 (varying between 
3.0 and 19 μg L−1) corresponding to an estimated 3.3% risk, whereas when all sources are 
summed these values increase to a median of 11.0 μg L−1 (a variation of 9.0 to 24.0 μg L−1) 
and a developmental neurotoxicity risk of 30%. This comes as a corroboration of the 
importance of considering all sources of exposure. However, both estimations of [PbB] are 
within the range of values considered by EFSA (2010) for an “average consumer” (15–46 
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μg L−1) for children between 4 and 7 years, which is in line with the conclusion of the 
CONTAM Panel that children in this range might be suffering effects. It should be noted 
that the EFSA dietary intakes were calculated based on an average 12.5 kg child whereas 
our calculation was based on the average of the boys and girls 50th percentile for 
Portuguese 7 year olds (=21.5 kg) (DGS, 2006) consequently yielding lower intakes when 




This study analysed the levels of Pb in duplicate diet samples, and therefore it gives 
information on the exposure scenario very similar to the reality, since duplicate diet 
samples allow the quantification of the actual levels to which the participants are exposed. 
Pb was detected in the 30 analysed duplicate diet samples; therefore, all participants were 
exposed to this toxic metal through the ingestion of food. Alongside with the fact that there 
is no safe limit for Pb our results disclose that cardiovascular and nephrotoxic effects will 
likely occur in at least 3.3 and 26.7% of the volunteers. 
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2.4. Cadmium intake in women from the University of Aveiro, Portugal – 
a duplicate diet study 
 
Abstract 
Cadmium (Cd) is a non-essential metal widespread in the environment, to which humans 
are exposed through different routes, being food consumption the most important one. It is 
considered an endocrine disruptor that is associated with estrogen-dependent diseases with 
women being particularly susceptible. In order to assess the exposure to this metal through 
diet intake in premenopausal women, levels of Cd were quantified in 7-days duplicate diet 
samples provided by 23 women working or studying at University of Aveiro, Portugal. Cd 
was detected in all analyzed samples with concentrations ranging between 0.007 and 0.21 
µg g-1 ww (median: 0.009 µg g-1 ww). The estimated dietary weekly intakes varied from 
1.4 to 48 µg kg-bw-1 week-1 (median: 2.3 µg kg-bw-1 week-1), and 35% of the participants 
exhibited dietary intakes of Cd higher than the tolerable weekly intake (2.5 µg kg-bw-1 
week-1) set for this metal which suggest health risks for these women.  
 
Keywords: cadmium; diet; women exposure; Portugal.
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Cadmium (Cd) is a non-essential metal that occurs in the environment naturally or as the 
result of humans activities, which are considered responsible for the increasing of Cd 
environmental levels over the past years (WHO, 2010). The main anthropogenic Cd 
sources include mining, fossil fuel combustion, waste incineration, manufacture of 
phosphate fertilizers and tobacco smoking (Nordberg et al., 2007). Since the 90s that the 
use of Cd decreased considerably in the European Union as a consequence of the reduction 
in the manufacture of nickel-cadmium batteries and other tools and with the 
implementation of more restrictive legislation, such as the Directive 91/338/EEC, an 
amendment of Directive 76/769/EEC concerning the restrictions on the marketing and use 
of certain dangerous substances and preparations, adding Cd to this list. 
The general population can be exposed through the ingestion of contaminated food, soil 
and dust, drinking water or from the inhalation of contaminated particles from ambient air 
or cigarette smoke (NIEHS, 2011; ATSDR, 2012). The consumption of food is the major 
pathway of human exposure, accounting for about 90% of the total intake in the non-
smoking general population (EFSA, 2012).  
Cd is associated with several adverse effects on human health even when exposure occurs 
at low levels, mainly because it efficiently accumulates in the kidney and liver and has a 
long biological half-life (from 10 to 30 years) (Verougstraete et al., 2003; EFSA, 2012). It 
affects primarily the kidney, but also the skeletal and respiratory systems (WHO, 2010) 
and it is classified as a ”human carcinogen” (Group 1) (IARC, 2012). According to several 
in vitro and animal studies, Cd is an estrogenic endocrine disruptor (Gore et al., 2015). It 
binds to estrogen receptors and mimics the effects of estradiol, activating the estrogen 
signalling pathways (Stoica et al., 2000; Liu et al., 2008). This might lead to an increased 
risk of estrogen-dependent diseases, such as endometriosis, breast, endometrial and ovarian 
cancer (Garcia-Morales et al., 1994; Johnson et al., 2003; Jackson et al., 2008; Adams et 
al., 2014; Itoh et al., 2014) and therefore women are considered a susceptible group.  
Considering that the ingestion of food is one of the major pathways of exposure to Cd, and 
given the known associations of Cd exposure with women’s health, the aim of the present 
study was to characterize the exposure of women from an academic community 
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(University of Aveiro) to Cd through diet, by evaluating its levels in duplicate diet 
samples.   
 
2.4.2. Material and Methods 
 
2.4.2.1. Sampling  
 
In order to estimate the exposure to several classes of environmental contaminants through 
food, a duplicate diet study (DDS) was launched at University of Aveiro in 2012. 
Duplicate diet studies allow estimating the real exposure through food being a cost 
effective method when compared to total diet studies. Furthermore, DDS are considered 
more adequate than estimations through dietary record or food frequency questionnaires, 
which can over or underestimate the real contaminants intake (Shim et al., 2014). Details 
on the sampling campaign and results on the levels of brominated flame retardants, 
organochlorine compounds, organotin compounds and lead were recently published 
elsewhere (Coelho et al., (2016a); Coelho et al., (2016b); Sousa et al., (2017)). In brief, 
each sample contained a duplicate portion representative of all the food items (excluding 
beverages) consumed by each participant during 7 consecutive days. From the obtained set 
of samples those provided by women were selected (n=23) and analysed.  
 
2.4.2.2. Chemical analysis 
 
About 200 mg of each freeze dried sample was digested with concentrated nitric acid 
(Wako Pure Chemical Industries, Ltd.) in a microwave system (Ethos D, Milestone). 
Cadmium (Cd) levels were quantified by inductively coupled plasma mass spectrometry 
(ICP-MS; Agilent 7500cx, Agilent Technologies). 
For QA/QC, certified calibration standards (Wako Pure Chemical Industries, Japan) were 
used. Instrumental drift was calibrated using Rhodium as internal standard. With each 
batch of samples, procedure blanks were performed and a certified standard reference 
material (oyster tissue - NIST SRM 1566b) was analysed. Recoveries evaluated by SRM 
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2.4.2.3. Dietary intake calculation 
 
The estimation of cadmium daily intakes (EDI) and weekly intakes (EWI) was based on 
the concentrations of Cd in each sample, the individual weight of the volunteers’ (data 
retrieved from the questionnaire) and the per capita daily food consumption of 1867.2 g 
inhab-1 day-1 set by the National Institute of Statistics, Portugal (INE, 2014).  
 
2.4.3. Results and Discussion 
 
2.4.3.1. Cadmium concentrations and dietary intakes 
 
Twenty three women participated in the study, with ages ranging between 21 and 42 years 
and body weights from 45 to 70 kg. Cd was detected in all samples demonstrating 
widespread occurrence in the diet of the studied women, with concentrations varying from 
0.007 to 0.21 µg g-1 ww (Table 2.4.1).  
 
Table 2.4.1. Concentrations of Cd in the 23 duplicate diet samples, estimated dietary daily intakes and 
respective tolerable weekly/daily intakes. 
 
Concentrations 
(µg g-1 ww) 
Daily intake - diet 
(µg day-1) 
(µg kg-bw-1 day-1) 
Weekly intake - diet 
(µg kg-bw-1 week-1) 
Tolerable intake 












Range 0.007 – 0.21 
12 – 400 
0.20 – 6.8 
1.4 – 48 
Estimated daily intakes were calculated considering 1867.2 g inhab-1 day-1 as the daily edible per capita 
in 2012 (INE, 2014) and the participants body weights reported in the food frequency questionnaires.  
a EFSA (2011). 
 
The estimated daily intakes (EDIs) ranged between 0.2 and 6.8 µg kg-bw-1 day-1 (median: 
0.32 µg kg-bw-1 day-1, mean 0.73 µg kg-bw-1 day-1). Converting to weekly intake, the 
obtained value of 2.3 µg kg-bw-1 week-1 was very close to the Tolerable Weekly Intake 
(TWI) of 2.5 µg kg-bw-1 week-1 established by the Panel on Contaminants in the Food 
Chain of the European Food Safety Authority (CONTAM Panel - EFSA) in 2011 (EFSA, 
2011). Although the median intake was below the tolerable intake, 35% of the women who 
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participated in this study exhibited EWIs higher than the established TWI (2.5 µg kg-bw-1 
week-1). Furthermore, one sample exhibited extremely high values of Cd and consequently 
the EWI for this sample was very high (6.8 µg kg-bw-1 day-1). 
 
2.4.3.2. Comparison with other studies 
 
The estimated daily intakes of Cd in this study and the ones obtained from other duplicate 
diet studies are shown in Figure 2.4.1. Overall, great variations between surveys can be 
observed. These differences between studies, are probably due to the differences in the diet 
adopted in each country, as the amount of Cd varies significantly among different food 
items (Adams et al., 2012), and therefore the composition of the duplicate diet samples 
also varies. Portugal (present study) and Spain (Domingo et al., 2012) stand out with 
highest mean daily intakes (42 and 49.5 µg day-1, respectively), which are higher than the 
established tolerable intake. This is probably due to the fact that both countries follow the 
Mediterranean Diet (INE, 2014) in which a higher amount of vegetables known to be 
important sources of Cd (IARC, 2012), are consumed. However, for Italy, which also 
follows the Mediterranean diet, the mean intakes of Cd were much lower (7.0 µg day-1) 
(Alberti-Fidanza et al., 2003). Such results might be due to the differences in the sampling 
period and method. In the Italian study, duplicate diet samples were collected only for 2 
days whilst in the Spanish and Portuguese surveys duplicate diet samples were collected 
for 10 and 7-days, respectively. Therefore, the samples’ composition between the Italian 
and the Iberian studies were different with the Spanish and Portuguese samples being more 
diverse, representative and, consequently closer to reality as a result of the longer sampling 
periods.  
The majority of the studies (Figure 2.4.1), some with robust datasets (Wilhelm et al., 2002; 
Raghunath et al., 2006; Domingo et al., 2012), disclosed a significant fraction of results 
above the tolerable daily intake (dashed line) established by EFSA. As aforementioned, 
these results demonstrate that the exposure to Cd through the ingestion of food poses risks 
as the levels of this metal in duplicate diet samples from different countries are higher than 
the highest level set to ensure the protection of consumers through diet alone (Figure 
2.4.1). Furthermore, the real exposure to Cd and related health hazards will be enhanced if 
all the exposure pathways are considered.   
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Figure 2.4.1. Comparison of Cd Estimated Daily Intakes (EDI) calculated from duplicate diet studies 
(range, mean (dot)). Dashed line – represents the tolerable daily intake (TDI) set by EFSA adjusted by 
dividing the tolerable weekly intake by 7 and considering a body weight of 70 Kg. #Geometric mean. 
*Only women included. ‡Only mean values available. †EDI adjusted for a body weight of 70 kg. 
(Logarithmic scale was used). 
 
Breast cancer is the leading cause of cancer death among women (Jemal et al., 2011) and 
over the last years several reports on the possible associations with dietary Cd intake have 
been published. However, they disclosed conflicting results, with some studies revealing 
positive associations whereas others could not find evidences of an association of dietary 
Cd with this type of cancer. Adams at al. (2014), for example, found little evidence that 
dietary Cd is a risk factor for breast cancer in a large and well-characterized group from the 
Women’s Health Initiative study (with over 6,000 women with breast cancer). On the 
contrary, a positive association between dietary Cd and risk of postmenopausal breast 
cancer was obtained in a large cohort study in Sweden (Swedish Mammography Cohort 
study; n= 55,987 postmenopausal women (Julin et al., 2012)). Recently, the association 
between Cd and breast cancer was reviewed in two different meta-analysis (Lin et al., 
2016; Van Maele-Fabry et al., 2016). Overall, the reports selected for the meta-analysis 
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used an indirect method to estimate the Cd daily intake (self-administered food frequency 
questionnaire), which may miscalculate the exposure. Furthermore, in the majority of these 
studies the exposure to Cd was assessed by means of urinary Cd concentrations which 
reflect not only Cd intake through multiple sources, but also past exposures (given the long 
half-life of this metal), and therefore cumulative exposures, and diet based estimations 
should constitute standard operational procedure in future studies. Additionally, the 
differences in individual susceptibility to Cd effects between women might also be a bias 
(Rentschler et al., 2014), and adjustments to several confounders also need to be 




To the best of our knowledge, this is the first study in Portugal assessing the Cd dietary 
intake in women using a duplicate diet method, allowing the quantification of the actual 
levels to which these women were exposed through the consumption of food. Our results 
disclose that all women were exposed to Cd through this pathway, confirming diet as an 
important source of Cd. In 35% of the cases the estimated dietary intakes of Cd were 
higher than the established tolerable intake suggesting an increased health risk for these 
premenopausal women.  
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3.1. Flame retardants in indoor dust - a review on the levels of 
polybrominated diphenyl ethers and hexabromocyclododecanes  
 
Abstract  
Modern people spend a considerable time of their life indoors, whether at home, at the 
workplace or at school, or inside vehicles and public transportation, therefore exposure to a 
variety of contaminants present indoors is constant and profuse. These contaminants 
released from household products tend to accumulate and concentrate in dust which is thus 
considered as one of the main human exposure pathways to several chemicals either by 
inhalation or ingestion. Within this wide range of contaminants polybrominated diphenyl 
ethers and hexabromocyclododecanes are included. These two brominated flame retardants 
have been applied in a vast range of materials with the aim to inhibit or delay the 
combustion and prevent the fire progression thus increasing the available time for people 
to escape. The extensive usage granted them a ubiquitous presence in the indoor 
environment and also in humans. Due to their toxicity and their potential to bioaccumulate 
these flame retardants have been restricted or banned. However, their persistency in the 
environment and the increasing evidences of deleterious effects towards humans and 
wildlife renders the study of these contaminants a matter of great importance.  
In this review we gathered available information on the levels of PBDEs and HBCDDs in 
indoor dust samples collected from different places and different regions around the world 
and discuss human exposure to these contaminants through dust. 
 
Keywords: flame retardants, hexabromocyclododecanes, human exposure, indoor dust, 
polybrominated diphenyl ethers. 
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With the exponential growth of the chemical industry the use of synthetic chemicals 
become massive and therefore humans are continuously exposed to such substances 
(Meeker, 2012) particularly in the indoor environment, where people tend to spend the vast 
majority of their life time. Hence, daily human exposure to these harmful chemicals has 
become, in the last decades, one of the major concerns to the public as well as the scientific 
community. This concern emerged as a result of a large number of studies that revealed 
that some of these compounds have the ability to interfere with any aspect of hormone 
action in humans and wildlife (Zoeller et al., 2012). These pollutants, classified as 
endocrine-disrupting chemicals (EDCs), used in a wide range of products and goods, pose 
increased risks towards human health (WHO/UNEP, 2013), rendering them to a matter of 
great concern.  
It is well established that contaminants are globally distributed and the number of sources 
is vast (WHO/UNEP, 2013). The main routes of human contact to these contaminants are 
air, soil, water, food and dust (Lioy et al., 2002). Indoor air and dust have been used for the 
last decades as essential elements for persistent chemicals monitoring as people in modern 
societies tend to spend over 80% of time indoors (Butt et al., 2004; Le Cann et al 2011). As 
the quality of the indoor environment is an increasing and global public health concern, 
indoor dust has been widely used to assess the exposure of humans to a diverse number of 
indoor environmental contaminants. 
Indoor dust is a complex mixture composed of organic and inorganic matter like pollen, 
fungi, animal fibers, furniture and carpet fibers, interior house paint and street dust 
amongst others (Lioy et al., 2002; Hwang et al., 2008). It works as a receptor and 
repository for various environmental chemical pollutants (Mercier et al., 2011) brought 
from outdoors or released from products inside the house. Once accumulated in settled 
dust, chemicals are available for humans through ingestion and inhalation of resuspended 
particles and dermal absorption (Whitehead et al., 2011; Dodson et al., 2012), especially 
for toddlers who spend large part of their day crawling or playing on the floor repeating the 
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Figure 3.1.1. Schematic representation of sources and pathways of flame retardants in the indoor 
environment. ©Jorge Dias 
 
Amongst the large number of indoor contaminants already detected and reported by several 
publications, the flame retardants (FRs) are a class of chemicals that have adverse effects 
on human health (Shaw et al., 2010). FRs have been applied for several decades in 
consumer and industrial products used in our everyday life, such as plastics, textiles and 
electronic equipment (Papachlimitzou et al., 2012) to slow the combustion of resins and 
polymers preventing fires and increasing the available time for people to escape (Marklund 
et al., 2003). Besides preventing flames and thus reducing the associated risk, they are 
economically favorable by reducing the cost of fires (Birnbaum and Staskal, 2004). In 
2011, the global market sale of FRs was about $4 billion per annum, and it is expected to 
grow to $5.8 billion by 2018 (Ceresana, 2011). In 2013, for instance, more than 2 million 
tons were consumed worldwide (Ceresana, 2014). 
Flame retardants include many classes of compounds such as inorganic, organophosphorus 
and organohalogenated FRs. Halogenated FRs can be divided into chlorinated and 
brominated flame retardants (BFRs), the latter being the target compounds of this review. 
BFRs constitute a large part of the total flame retardants production; in 2005 
approximately 311 000 metric tons were used worldwide and this global market volume 
increased to 410 000 tons in 2008 (Shoeib et al., 2012) Polybrominated diphenyl ethers 
(PBDEs), hexabromocyclododecanes (HBCDDs) and tetrabromobisphenol-A (TBBPA) 
are examples for BFRs. Polybrominated diphenyl ethers, used mainly in plastics, textiles, 
electronics and printed circuit boards (EFSA, 2011b) are considered neurotoxic and their 
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endocrine disrupting potential has been confirmed by animal toxicological and risk 
assessment data (Allen et al., 2008; Besis et al., 2012). Hexabromocyclododecanes is 
associated with the disruption of thyroid hormones and is known to induce cancer in 
humans, among other negative effects (Covaci et al., 2006). Its main uses include thermal 
insulation in the building industry. Tetrabromobisphenol-A is mostly applied in printed 
circuit boards and thermoplastics, and it is also an endocrine disruptor (Covaci et al., 
2009). 
PBDEs were, until recently, the most widely applied FRs, but in the past several years they 
have been banned in many countries due to their persistence, bioaccumulation, long-range 
transport and adverse health effects (Meeker et al., 2010; Kim et al., 2011b). Considering 
such restrictions, a new group of BFRs began to be commercialized in order to replace the 
discontinued PBDEs, the “novel” brominated flame retardants (NBFRs) which have been 
rising in the market, being used in a large variety of products such as plastics, foams and 
textiles (Papachlimitzou et al., 2012). The group definition is attributed considering all the 
BFRs that are new in the market or recently detected in the environment (Covaci et al., 
2011). Toxicological data is very limited at present. 
Despite the restrictions on the use of PBDEs and HBCDDs they are still widespread 
because these contaminants are persistent and bioaccumulative (Covaci et al., 2011) 
remaining present in the environment for a long time. Even after ban on production, 
industrial/household products containing BFRs are used for long period and chemicals 
would be released to the environment during their usage and disposal/recycle processes. 
This fact, together with its previous ubiquitous usage, justifies continuous studies on the 
levels and possible health effects. Regarding the “novel” brominated flame retardants, they 
became an important study issue in recent years because of their extensive production and 
usage that led to an increase of their levels in the environment. 
The aims of this review were to describe the levels of PBDEs and HBCDDs in indoor dust 
samples collected from different places and different regions around the world and to 
discuss human exposure to these contaminants through dust. All the information was 
obtained from a search performed on September 2013 in the Scopus bibliographic database 
using the keywords “dust” and “flame retardants”. All the publications published between 
2003 and 2013 related to indoor dust and BFRs (PBDEs and HBCDDs,) were considered 
and additional papers were selected from the references in the retrieved publications. Data 
  
 
Chapter 3. House Dust 
 
- 101 - 
 
concerning BFRs concentrations in houses located close to electronic waste centers (high 
exposure scenarios) and data from studies conducted in airplanes (occasional exposure) 
were not included as we are interested in discussing normal exposure scenarios.  
Since the statistical measures (e.g., median, mean, maximum values, minimum values) 
used in each publication differ and usually just one of these statistical measures is reported, 
the direct comparison between studies is impaired. To the best of our abilities, an effort 
was made to be consistent in these comparisons.  
 
3.1.2. Occurrence of BFRs in different regions around the world 
 
Brominated flame retardants are present in dust samples from the indoor environment all 
over the globe. There are several reports on the levels of BFRs from the five continents; 
however there is a significant disparity between the numbers of conducted studies. Europe, 
for instance, gathers the largest number of publications (Figures 3.1.2 and 3.1.3) both for 
PBDEs (34%) and HBCDDs (67%) followed by North America (particularly United 
States), Asia, Oceania and Africa (the last one with only two reports on PBDEs).  
 
 
Figure 3.1.2. Number of publications (2003-2013) describing the levels of PBDEs in indoor dust samples 
across different regions and countries. The number of publications for each region is sometimes lower than 
the sum of the publications per country because in some studies, samples from different countries (and 
sometimes even different continents) were included. 
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While considering the distribution of studies in different countries, instead of different 
regions, the scenario is different. For PBDEs, for example, the majority of publications 
resulted from monitoring surveys conducted in the United States (US) with 26 
publications, followed by China with 9 publications and then by the following European 
countries: Germany (n=8), United Kingdom (n=7), Belgium and Spain (6 studies each). In 
the case of the HBCDDs, the number of publications is less when comparing to PBDEs, 
and the majority of studies are again from Europe. In terms of countries ranking, the 




Figure 3.1.3. Number of publications (2003-2013) describing the levels of HBCDDs in indoor dust across 
different regions and countries. The number of publications for each region is sometimes lower than the sum 
of the publications per country because in some studies, samples from different countries (and sometimes 
even different continents) were included. 
 
For the dust collection location, the majority of the published studies (69% for PBDEs and 
67% for HBCDDs) focused on indoor dust collected at houses and/or apartments (Figures 
3.1.4 and 3.1.5), most probably because in general people spend two-thirds of their indoor 
time at home (Le Cann et al., 2011). Other collection places included: offices, cars, public 
places (e.g. schools, universities, hotels and day care centers), several buildings (studies 
that described together, data from different type of buildings) and garages.  
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Figure 3.1.4. Number of PBDEs monitoring surveys conducted in cars; garages; houses 
(including private homes and apartments); offices, public places (including schools, 
universities, daycare centers and hotels) and several buildings (studies that described 
together data from different type of buildings). 
 
 
Figure 3.1.5. Number of HBCDDs monitoring surveys conducted in cars; houses 
(including private homes and apartments); offices, public places (including schools, 
universities, daycare centers and hotels) and several buildings (studies that described 
together, data from different type of buildings). 
 
3.1.3. Polybrominated diphenyl ethers  
 
Polybrominated diphenyl ethers (Figure 3.1.6) are, since the 1970s, one of the most widely 
used brominated flame retardants group incorporated in many consumer goods (Besis et 
al., 2012).  
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Figure 3.1.6. Structures of (a) BDE-47, (b) BDE-153 and (c) BDE-209. 
 
This class is composed of 209 congeners that differ in the number and position of bromine 
atoms (US-EPA, 2013). There are three commercial PBDE mixtures manufactured and 
used in the market, penta-, octa- and deca-BDEs composed of several congeners. Penta-
BDE mixture is composed mainly by the congeners 47, 99 and 100 (tetra- and penta-
BDEs); octa-BDE mixture consists predominantly of 153, 154, 183 (hexa and hepta- 
BDEs); deca-BDE mixture composed primarily of BDE-209 congener (Björklund et al., 
2012). Although the commercial mixtures have been applied in several items and 
applications should vary among countries, their incidence is generally associated with 
specific materials; penta-BDE was primarily used in flexible polyurethane foam in 
upholstery and furniture, octa-BDE in plastics used in the manufacture of certain electric 
and electronic equipment’s and deca-BDE applied mainly as an additive in electronic 
devices (US-EPA, 2013). When applied, the mixtures are not chemically bound to the 
products polymers, and consequently they can migrate/evaporate from the products and are 
released into the environment (Domingo, et al., 2012). As they have relatively low vapor 
pressures, PBDEs are classified as semi-volatile organic compounds (SVOCs). PBDEs are 
able to migrate from consumer products to the indoor environment. Saito et al. (2007), for 
example, demonstrated that BDE-47 is emitted from the casings of televisions. This team 
conducted migration tests through solid phase extraction disks placed directly in contact 
with the product surfaces without air flow to measure the migration rates of the BFRs from 
the building materials and electrical appliances to indoor air. A further study demonstrated 
the emission of PBDEs from upholstery textile samples at room temperature, using small 
stainless steel containers as emission test chambers (Kajiwara et al., 2013). Hazrati and 
Harrad (2006) reported the occurrence of some variations in the PBDEs levels between 
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different rooms in the same domestic and office buildings. They reported the decreasing 
trends in PBDEs concentrations in indoor air from one office after the substitution of a 
computer produced in 1998 for one produced in 2003. Zhang et al. (2011) also proved that 
PBDEs sources differ according to location with concentrations in houses lower than those 
in offices. These authors demonstrated that for areas with higher PBDEs concentrations the 
main sources were electronic devices. On the other hand, in areas with lower 
concentrations the main sources were polyurethane foam furniture and carpets.  
The extensive occurrence of PBDEs along with its bioaccumulative potential and 
deleterious effects towards wildlife and humans (see section 3.1.3.2) has become a major 
global concern, leading to the ban on the manufacture and use of some PBDEs mixtures 
and consequent international agreements and regulations that were introduced from 2004 
onwards. Penta- and octa-BDE formulations were phased out in the European Union and 
the US in 2004 (Besis et al., 2012; BSEF, 2013) and in 2009 they were listed as persistent 
organic pollutants (POPs) under the Stockholm Convention (Stockholm Convention, 
2013). Deca-BDE was banned in Europe in electric and electronic applications in 2008. In 
the US, the manufacture was allowed until later, however after December 2013 the 
Environmental Protection Agency (EPA) banned its production (BSEF, 2013). Although 
excluded from the market in US and Europe, they are still impregnated in several products, 
and therefore they are still being released into the environment. 
 
3.1.3.1. PBDEs global patterns in indoor dust 
 
Amongst the large number of PBDEs congeners available, BDE-28, 47, 99, 100, 153, 154, 
183 and 209 are considered as main constituents of the technical PBDE mixtures and based 
on the knowledge about their occurrence in the environment and toxicity, of primary 
interest by regulatory agencies including the Panel on Contaminants in the Food Chain 
(CONTAM Panel) from the European Food Safety Authority (EFSA, 2011b). Therefore, in 
this review, only these eight congeners will be addressed. Figures 3.1.7, 3.1.8 and 3.1.9 
illustrate that the median concentrations of these congeners have the same distribution 
pattern, exhibiting few variations, whatever the samples’ origin and collection method 
used, with BDE-209, 99 and 47 on top followed by BDE-100, 153, 154, 183 and 28. 
Between these eight investigated congeners BDE-209 was the most common, being 
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detected at higher concentrations in every region (Figure 3.1.7), regardless of where the 
sampling took place (Figure 3.1.8). This trend reflects the fact that deca-BDE has been the 
most common commercial PBDE mixture used on a global scale (Schecter et al., 2005) 
accounting for 81% and 83% of the global PBDE demand in 1999 and 2001 (cited from 
EFSA, 2011b). Furthermore its use was voluntarily phased out in the US and Canada only 
at the end of 2012 and its total application banned only in December 2013, extending their 
usage when compared with the penta- and octa-BDE mixtures. Penta-BDE was 
predominantly consumed in North America and octa-BDE was the less used mixture 
(Schecter et al., 2005; EFSA, 2011b). This usage pattern can be observed when evaluating 
the results from North America as seen in Figure 3.1.7. Generally, the medians of BDE-47 
and BDE-99 concentrations (main constituents of the Penta-BDE mixture) are in the same 
order of magnitude and are slightly below the BDE-209 medians. The distribution of the 
median concentrations for each of the eight congeners is similar in all regions; however the 
levels are higher in North America with the exception of BDE-209 that was detected 
approximately at the same order of magnitude in all countries, demonstrating its’ large and 
extended use. The highest levels of BDE-209 were registered in dust samples collected in 
the interior of vehicles, in fact the highest median concentration for BDE-209 (190 000 ng 
g-1) was detected in car cabins from the UK (Harrad and Abdallah, 2011). This value is 
even higher than the median value for samples collected inside the car’s trunks (2700 ng g-
1) also evaluated in the same study. Harrad and Abdallah (2011) justified these high levels 
with the extensive use of Deca-BDE formulation in UK vehicles, greater than any other 
formulation. The large difference registered between the concentrations in car cabins and 
trunks may occur as a result of the wider application of PBDEs in the fabrics and printed 
circuit boards that are located in the car cabins. In their study, Harrad and Abdallah (2011) 
also found high levels of BDE-202 (not identified in any commercial formulation) in dust 
from the car cabin also. The presence of BDE-202 inside the cabins where materials are 
more exposed to solar radiation than car trunks provides further evidences of the 
photodebromination of BDE-209. BDE-209 can easily debrominate by photolysis, UV 
radiation and can biotransformate into lower mass congeners (EFSA, 2011b; Kalachova et 
al., 2012). 
The lowest BDE-209 median concentration in the interior of the cars was also detected in 
Europe, in the Czech Republic, with 168.5 ng g-1 (Kalachova et al., 2012). Even so, this 
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lowest median level is much higher when compared with the minimum values disclosed by 
the samples of indoor dust from other sources, suggesting that the exposure to this 
congener is higher in cars. Despite such high values in car interiors, house dust is the most 
relevant matrix, as it can be easily inferred by the number of publications dealing with 
house dust. The highest median concentration for BDE-209 (10,000 ng g-1) was detected in 
UK by Sjödin et al. (2008). In that study, the researchers compared the concentrations of 
several PBDE congeners (the ones addressed in this review, excluding BDE-28) in indoor 
dust between houses from UK, Germany, Australia and US. Dust samples from the US and 
UK displayed the highest levels of total PBDEs, yet the congener’s distribution was similar 
in all countries with the exception of BDE-209 that was much higher in the UK, whereas, 
BDE-47 and BDE-99, present in the commercial penta-BDE mixture, were the highest in 
the US.   
Regarding BDE-47 and BDE-99, the highest medians, 3750 ng g-1 (Zota et al., 2008) and 
5840 ng g-1 (Quirós-Alcalá et al., 2011) respectively, were detected in house dust samples 
from California, reinforcing the fact that penta-BDE usage was largely concentrated in 
North America (Schecter et al., 2005; Besis et al., 2012) and mostly applied in furniture for 
sale in California (Zota et al., 2008).  
In general terms, and considering dust samples collected from different places (e.g. offices 
and cars) the BDE-47 and 99 highest median values were all obtained in the US, with the 
exception of one study performed at Shanghai University. In that survey, levels of BDE-47 
and 99 were higher than those reported for public locations in the US. The high levels 
found at Shanghai University, up to 338 ng g-1  for BDE-47 and 503 ng g-1 for BDE-99, 
were detected in one pooled dust sample obtained by brushing air conditioner filters from 
the university laboratories (Yu et al., 2013). The aim of the study was to compare size-
specific concentrations and bioaccessibility of the congeners in dust from air conditioner 
filters, and thus the authors sieved the sample through several meshes of different sizes and 
then separated into five size ranges; the mentioned results were obtained from the first 
particle size range (212–250 µm). In offices, the highest median values were detected by 
Batterman et al. (2010) in Michigan, with 978 ng g-1 (BDE-47) and 1760 ng g-1 (BDE-99). 
In car interiors, the highest levels were also reported in Michigan, with medians 1800 ng g-
1 (BDE-47) and 2600 ng g-1 (BDE-99) (Batterman et al., 2009).  
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Octa-BDE mixture, predominantly constituted by BDE-183, was generally the minor 
PBDE product used (Birnbaum et al., 2004). This fact can be easily perceived while 
considering the maximum levels of BDE-183 compiled here (Figure 3.1.7, 3.1.8 and 3.1.9 
and supplementary data in Annex A). 
 
 
Figure 3.1.7. Concentration range of PBDE congeners in indoor dust samples from Africa, Asia, Europe, 
North America and Oceania. (Logarithmic scale was used for a better visualization of the distribution). 
 
In fact, BDE-183 maximum concentration values found in indoor dust samples were 
always below the ones for BDE-47, 99 and 209, with the exception of one study conducted 
in public places where the maximum concentration of BDE-183 exceeded BDE-47. In this 
particular case, the BDE-183 maximum value of 354.63 ng g-1†, was detected in samples 
collected from day care centers in South Korea (Kim et al., 2011a). This high 
concentration for BDE-183 is higher than the concentration of BDE-47 detected by Yu et 
al. (2013) in the laboratories at Shanghai University; however the latter report is the result 





                                                          
† this value refers to the mean concentration of several samples collected from day care centers 
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Figure 3.1.8. Concentration range of PBDE congeners in indoor dust samples from different environments; 
Houses, Cars, Public Places (including schools, universities, daycare centers and hotels) and Offices. 
(Logarithmic scale was used for a better visualization of the distribution). 
 
 
Figure 3.1.9. Concentration range of PBDE congeners in indoor dust samples collected by different methods: 
SVC- Specific vacuum cleaner or domestic vacuum cleaner with a nylon sock; HVB- Household vacuum 
cleaner. (Logarithmic scale was used for a better visualization of the distribution). 
 
 
3.1.3.2. Human Exposure to PBDEs 
 
Humans, as well as wildlife, are constantly exposed to multiple POPs, including PBDEs, 
due to their common presence not only in many consumer products but also in the 
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environment. This continuous exposure occurs through different pathways. The main 
exposure sources are air, dust and diet (Frederiksen et al., 2009), however the indoor 
exposure, for example indoor dust ingestion and inhalation, could be the major exposure 
route of PBDEs migrated from the commercial products used in the indoor environment. 
According to Lorber (2008), concentrations of PBDEs in indoor air and dust are often 
several orders of magnitude higher than outdoor air and soil, furthermore 82% of the 
exposure of Americans to BDE congeners is from ingestion of house dust and dermal 
contact, dust inhalation and ingestion of food and water accounts for the remaining 18%  
(Lorber, 2008). 
In order to understand if dust is, in fact, an important source of PDDEs towards humans, 
several surveys with matched dust and human samples were conducted over the last years. 
The goal of such studies was to evaluate possible associations between the levels of 
PBDEs in dust and those found in human samples including serum, plasma, breast milk 
and hair (see Table 3.1.1). 
In Europe, several studies have been performed and some reported positive associations 
between PBDEs levels in indoor dust and in human tissues. Karlsson et al. (2007), reported 
a positive relationship for the sum of PBDEs concentrations in dust and plasma from 
Sweden. In Denmark, Vorkamp et al. (2011) evaluated PBDEs levels in household dust 
samples provided by pregnant women and the results disclosed several significant 
associations between penta-BDE congeners (BDE-99 and BDE-100) levels in these dust 
samples and the levels in placental tissue collected from the parturients. However, no 
association was found between BDE-209 levels in dust and in placenta, this despite the fact 
that BDE 209 was the most abundant congener in both matrices. According to Vorkamp et 
al. (2011), the obtained results highlight that dust may be an important exposure pathway 
for penta-BDE congeners. The same research group compared the dust samples with the 
paired pregnant women plasma and umbilical cord blood plasma samples, and reported 
positive associations for BDE-28, 47, 100, 209 and the sum of PBDEs in maternal plasma 
and house dust, as well as the sum of PBDEs in umbilical cord blood plasma and house 
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Again in Sweden, BDE-47 concentrations were significantly correlated in matched dust 
samples from vacuum cleaners and breast milk samples (Björklund et al., 2012). However, 
not all surveys could identify associations between the concentrations of PBDEs in dust 
and in human samples. Fromme et al. (2009) and Roosens et al. (2009b), for example, 
could not identify significant associations in PBDEs concentrations between house dust 
and blood serum samples from male and female participants. 
Considering the surveys performed in the US, although some researchers could not 
determine significant associations between house dust and blood serum samples (Imm et 
al., 2009; Watkins et al., 2011), others found associations between the concentrations of 
some PBDE congeners, especially BDE- 47, 99 and 100, in indoor dust samples and breast 
Table 3.1.1. Overview of PBDEs surveys matching indoor dust samples and human samples.  Significant 
correlation between several PBDEs levels in indoor dust and biological human samples;  No correlation 
between several PBDEs levels in indoor dust and biological human samples; (*) Altered hormone levels in 
relation to PBDE exposures estimated as concentrations in house dust. 




















       Karlsson et al. (2007)  
       Wu et al. (2007)  
       Zota et al. (2008)  
       Fromme et al. (2009)  
       Imm et al. (2009)  
       (*) Meeker et al. (2009)  
       
Roosens et al. 
(2009b) 
       Toms et al. (2009a) 
       
Frederiksen et al. 
(2010) 
       Johnson et al. (2010)  
       Kang et al. (2011) 
       
Vorkamp et al. 
(2011)  
       Watkins et al. (2011)  
       Zheng et al. (2011)  
       
Björklund et al. 
(2012)  
       
Stapleton et al. 
(2012)  
       Coakley et al. (2013)  
       (*) Johnson et al. (2013)  
       Tang et al. (2013)  
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milk and serum samples (Wu et al., 2007; Johnson et al., 2010; Stapleton et al., 2012). 
Furthermore, PBDEs levels in dust were not only associated with the levels detected in 
blood samples but were also associated with altered hormone ratios in men, demonstrating 
that exposure to PBDEs via house dust is responsible for alterations in the normal 
functioning of male hormonal system. Meeker et al. (2009) and Johnson et al. (2013) 
analyzed the hormonal levels in men serum from Massachusetts and found evidence of 
altered levels in relation to concentrations of BDE-47, 99 and 100 in house dust. 
In the case of Asia and Oceania, the surveys showed several positive associations between 
the concentrations of some PBDE congeners (especially BDE-47, 99, 100, 153 and 183) in 
indoor dust and in breast milk and hair samples (Toms et al., 2009a; Kang et al., 2011; 
Zheng et al., 2011; Coakley et al., 2013; Tang et al., 2013). 
The significant associations observed between PBDE levels in dust and the mentioned 
biological samples (Table 3.1.1) support the concept that dust is an important source of 
PBDEs towards humans; nevertheless these associations do not provide information about 
the main exposure route.  
As previously stated, there are several routes such as oral exposure from food, dust, and 
soil, air inhalation and dermal absorption (Trudel et al., 2011). In order to characterize dust 
as an important exposure pathway, total PBDEs intake through dust ingestion and 
inhalation was estimated in several studies. People ingest and inhale considerable amount 
of dust on a daily basis. This is particularly significant for infants and toddlers because of 
the repeated hand-to-mouth activities (Mercier et al., 2011), as well as their lower height, 
that makes them more susceptible to the contact to suspended particles. Thereby, the 
estimated dust intake for children is higher than the one for adults. There is no consensus 
on the estimated amounts of inhaled and ingested dust, however the mean dust intake rates, 
recently updated by the US Environmental Protection Agency, are 30 mg day-1 for adults 
and 60 mg day-1 for children (US-EPA, 2011). In order to determine the estimated PBDEs 
intakes the authors applied different methodologies which impair a straight forward 
comparison. Concerning the dust intake rates, for example, they may range from 20 mg 
day-1, average dust ingestion rate (Stapleton et al., 2005) to 215 mg day-1, high dust 
ingestion rate (D'Hollander et al., 2010) for toddlers and children. For adults, the reported 
rates range from 4.16 to 100 mg day-1 (e.g. Toms et al., 2009b). Since the analyzed 
congeners vary between surveys, the total PBDEs are also different. Nevertheless and in 
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general terms, the estimated PBDEs intakes are higher in North America (e.g. Stapleton et 
al., 2005; Wilford et al., 2005; Harrad et al., 2008; Wei et al., 2009; Shoeib et al., 2012) 
and then in Asia (e.g. Huang et al., 2010; Kang et al., 2011; Lee et al., 2013) when 
compared with the rates estimated for Europe (e.g. Fromme et al., 2009; Roosens et al., 
2009b; Cunha et al., 2010; Kalachova et al., 2012) and Oceania (e.g. Toms et al., 2009b; 
Coakley et al., 2013). Such distribution would be  expected according to the reported 
concentrations of the PBDEs in indoor dust. 
Once entering the human body, PBDEs elimination may take days, months or even years, 
depending on the molecular mass of the congener. Thuresson et al. (2006) demonstrated 
that half-lives of PBDEs in human tend to increase with decreasing bromination of the 
PBDE congeners, they estimated that apparent half-lives for octa- and nona-BDEs ranged 
from 37 to 91 and from 18 to 39 days, respectively. For deca-BDE (BDE-209) the human 
half-life was short when compared to other congeners, 15 days. Thuresson et al. (2006) 
justified the shorter half-life of BDE-209 by the susceptibility of this congener to undergo 
reductive dehalogenation and substitution reactions. Short half-life of BDE-209 can also be 
justified by the fact that its absorption after ingestion is limited and so it is rapidly excreted 
through feces, with little accumulation in tissues, besides it does not easily penetrate the 
cell membranes (Costa and Giordano, 2011). Trudel et al. (2011) reported median 
elimination half-lives of 1.4; 0.77; 1.8 and 7.4 years for BDE-47, 99, 100 and 153 
respectively and 7 days for BDE-209. In another survey, Wong et al. (2013), estimated 
0.37; 8.2; 2 and 3.5 years also for BDE-47, 99, 100 and 153 respectively.  
These compounds have the potential to cause deleterious effects on human health and 
therefore several epidemiological, in vivo and in vitro studies have been conducted with the 
aim to confirm their endocrine disrupting capacity (e.g. disturbance of thyroid hormone 
homeostasis) and their effects in the neurodevelopment and reproductive system 
(Birnbaum and Staskal, 2004; Costa et al., 2008). Lilienthal et al. (2006) performed an 
experiment with rats in which the results support the hypothesis that PBDEs have 
endocrine disrupting potential interfering with the sexual development and sexually 
dimorphic behavior. Main et al. (2007) further described an association between congenital 
cryptorchidism in newborn boys and the penta-BDE concentrations in the mother’s breast 
milk. Two distinct surveys, performed in Europe (Roze et al., 2009) and US (Herbstman et 
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al., 2010), reported neurodevelopmental and neurobehavioral effects in children associated 
with PBDEs exposure.  
Despite the already available information on the levels, behaviour and deleterious effects 
of the PBDEs, it is important to continue monitoring surveys and epidemiological studies 
so that the PBDE congeners toxicity in humans is confirmed. 
 
3.1.4. Hexabromocyclododecanes  
 
 
Figure 3.1.10. Structure of gamma-HBCDD. 
 
Hexabromocyclododecanes (HBCDDs) (Figure 3.1.10) are cycloaliphatic brominated 
flame retardants produced globally and used primarily as additive in extruded and 
expanded polystyrene foam materials in the building industry and in textile coating, with 
minor applications in electrical and electronic equipment (Marvin et al., 2011). HBCDDs 
are produced since the 1960s, however the application in insulation boards started only in 
the 1980s (EFSA, 2011a). The introduction of PBDEs regulations led to an increase of 
HBCDDs demand (Covaci et al., 2012). In 2001, the total production volume of HBCDDs 
was 16,700 tons of which 9,500 tons were consumed in Europe (Abdallah et al., 2008b). In 
2011, the estimated annual production was approximately 28,000 tons (9,000 to 15,000 
tons in China; 13,426 tons in Europe and US). HBCDDs are produced in China, Europe, 
Japan and US, however they are mainly used in Europe and China (Stockholm Convention, 
2011). Annual market demand in Japan was 2800 tons in 2011 (Ministry of the 
Environment, 2014). 
The commercial HBCDD product is dominated by three diastereoisomers: alpha (α-), beta 
(β-) and gamma (γ-) HBCDDs (EFSA, 2011a). The relative contribution of these three 
isomers in the technical HBCDDs depends on the manufacturer; generally γ-HBCDD 
accounts for 72 to 90 % of the total and α- and β-HBCDD contribute with 9 to 13 % and 
with <0.5 to 12 %, respectively (EFSA, 2011a). 
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HBCDDs are known to be hydrophobic, to have low vapor pressure (Abdallah et al., 
2008b), to be highly lipophilic and to have a high affinity to particulate matter (Stockholm 
Convention, 2011). Like PBDEs, they are persistent, bioconcentrate and biomagnify at 
higher trophic levels and are present at high concentrations in top predators such as marine 
mammals and birds of prey (Covaci et al., 2006). Due to their widespread distribution in 
the environment, including in remote locations such as the Arctic (Marvin et al., 2011), and 
their persistency, a global concern on HBCDDs has emerged in the last few years. In 2008, 
Norway prepared a draft dossier proposing HBCDD as a POP candidate, and finally in 
2010, the POPs Review Committee concluded that it gathered the criteria (long-range 
environmental transport, significant adverse human health and environmental effects) to 
adopt the Risk Profile (Stockholm Convention, 2011; BSEF, 2013). In May 2013, it was 
listed as a POP by the Conference of the Parties of the UNEP (United Nations 
Environment Programme) Stockholm Convention on Persistent Organic Pollutants (BSEF, 
2013). In Europe, HBCDD was registered under REACH (Registration, Evaluation, 
Authorization and Registration of Chemicals) in October 2010 and the European ban is 
scheduled to 21 August 2015 unless authorized for specific uses (BSEF, 2013). Regardless 
of such facts, the market demand for HBCDDs has been growing, as well as, their 
distribution in the environment, thus rendering HBCDDs monitoring crucial. 
 
3.1.4.1. HBCDDs global patterns in indoor dust 
 
In contrast to the PBDEs, there is limited information about the concentrations of 
HBCDDs in indoor dust, the number of publication is considerably lower (38 for HBCDDs 
and 103 for PBDEs) and the studies were mainly from Europe (UK and Belgium) (Figure 
3.1.3).  
Generally, in most of the performed surveys HBCDDs concentrations are reported as the 
sum of the three HBCDD isomers, and only few reported the concentration levels for each 
isomer individually. The highest levels were reported in Europe (Figure 3.1.11) followed 
by Asia. Such distribution would be expected since, as previously mentioned, the largest 
part of the technical HBCDDs is used in Europe. In each of the four regions represented in 
Figure 3.1.11, it is possible to notice that γ-HBCDD has the highest median concentrations 
and follows a similar distribution to total HBCDD, whereas α-HBCDD levels are slightly 
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lower, followed by β-HBCDD. This pattern (γ-HBCDD>α-HBCDD>β-HBCDD) reflects 
the HBCDDs commercial mixture composition. The same distribution can be perceived 
considering the dust samples origin (Figure 3.1.12). The highest HBCDDs concentrations 
were detected in car dust samples (Figure 3.1.12). The highest median concentration for 
total HBCDDs in car dust (14,262.5 ng g-1‡) was detected in the UK by Abdallah and 
Harrad (2009), as well as the highest median concentration for the γ-HBCDD isomer (9651 
ng g-1). Considering α-HBCDD and β-HBCDD, maximum median concentrations, 3000 
and 1100 ng g-1 respectively, were detected by the same researchers in car cabins, also 
from the UK (Harrad et al., 2011). As previously mentioned (section 3.1.3.1), this study 
compared the concentrations between the car cabins and trunks and the median 
concentrations were higher in the cabin. The authors suggested that such results might be a 
consequence of a possible photolytic or thermal isomerization from γ-HBCDD to α-
HBCDD.  
In house dust, the highest concentration for total HBCDDs (6570 ng g-1§) was found in 
Japan by Takigami et al. (2009). Such high level refers to the mean concentration of the 
total HBCDDs in two recently built wooden houses in Hokkaido (Northern Japan). In 
individual terms, concentration of HBCDDs was extremely high at one of the houses 
(13,000 ng g-1) being two orders of magnitude higher than the one found for PBDEs 
(Takigami et al., 2009). The maximum concentrations of HBCDDs in house dust, in terms 
of the three isomers individually, were detected by Harrad et al. (2009) in three different 
houses. In this study the authors analysed dust samples from five different rooms at each 
house and the mean concentrations§ for each isomer, were 1881 ng g-1 (α-HBCDD), 570 ng 
g-1 (β-HBCDD) and 1702 ng g-1 (γ-HBCDD). 
In what concerns to offices and public places the highest total and individual isomer 
concentrations were detected again in the UK by Harrad et al. (2009) and Harrad et al. 
(2010b), respectively. A total median HBCDDs concentration of 4100 ng g-1 was reported 
in dust samples from classrooms in child day care centers and primary schools in the West 
Midlands of the UK. 
 
                                                          
‡ the median values were not reported, we calculated them from the reported  
concentrations 
§ this value refers to the mean concentration (we calculated the mean from the reported concentrations) 
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Figure 3.1.11. Concentration range of total HBCDDs and HBCDD isomers in indoor dust samples from 





Figure 3.1.12. Concentration range of total HBCDDs and HBCDD isomers in indoor dust samples from 
different environments; Houses, Cars, Offices, Public Places (including schools, universities, daycare 
centers and hotels) and Offices. (Logarithmic scale was used for a better visualization of the distribution). 
 
3.1.4.2. Human Exposure to HBCDDs 
 
Similarly to what happens for other FRs, human exposure to HBCDDs occurs via multiple 
sources, including diet, indoor air and dust (Covaci et al., 2006).  Due to the high HBCDDs 
concentrations detected in indoor dust samples (see section 3.1.4.1 and supplementary 
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material) and considering the time people spend at home, house dust seems to be an 
important source of HBCDDs (Harrad et al., 2010a). 
Several studies have been performed in order to quantify the levels of HBCDDs in human 
samples. HBCDDs have already been detected in serum (e.g. Roosens et al., 2009a), 
adipose tissue (e.g. Antignac et al., 2008; Isobe et al., 2009) and breast milk (e.g. Eljarrat et 
al.,2009). Breast milk is a particularly suitable matrix as it is considered to mirror the 
market consumption of HBCDDs (Marvin et al., 2011; Stockholm Convention, 2011). 
Although there are several publications reporting the levels in human tissues, few surveys 
evaluated the association between the levels in dust and biological samples, to confirm the 
fact that indoor dust works as an important HBCDDs source to humans. 
Roosens et al. (2009a) quantified the levels of the HBCDDs in duplicate diet samples, 
provided by Belgium students residing in university housing, in dust samples collected at 
the student’s dorms and in serum samples from the participants. The authors found a 
positive association between the HBCDDs levels in serum and the exposure via dust but 
not with dietary ingestion. In the US, Johnson et al. (2013) found evidences of altered 
hormonal levels in men blood serum related to the HBCDDs concentrations in house dust 
similarly of what was reported for PBDEs (see section 3.1.3.2). Even if there is little 
information, these positive associations between HBCDDs levels in indoor dust and in 
biological samples, demonstrate that dust is an important source regarding the human 
exposure to this compound. 
For the HBCDDs, the human daily intake is also estimated by several studies considering 
the different dust intake by adults and toddlers. As in PBDEs surveys, the assumed mean 
and high dust ingestion rates vary between studies. Considering toddlers, the dust intake 
rates range from the mean dust ingestion rate of 50 ng g-1 (e.g. Abdallah et al., 2008b) to 
the high dust ingestion rate of 215 ng g-1 (D’Hollander et al., 2010). For adults, the 
ingestion rates range from 4.16 ng g-1 (Takigami et al., 2009) to 50 ng g-1 (e.g. Kalachova 
et al., 2012). As already mentioned, due to the reduced number of surveys conducted in 
North America when compared to Europe, it is difficult to compare the estimated 
HBCDDs intakes via dust ingestion between regions. Within the discussed studies, 
Abdallah et al. (2008a, b) found the highest estimated HBCDDs human intakes in Europe 
for both adults and children. In addition, Abdallah et al. (2008b) disclosed higher intakes in 
the UK when compared with the results from Canada and US. On a global basis, the 
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highest estimated intake was reported in Japan, for the wooden house where the highest 
HBCDDs concentrations were reported (see section 3.1.4.1) with intake values between 
55-1300 ng g-1 for adults and 720-2600 ng g-1 for children.  
HBCDDs elimination from human body is estimated to take several days. Geyer et al. 
(2004) estimated a human elimination half-life of 64 days, ranging from 23 to 219 days 
and they justify this variability with the differences in exposure, total body fat content and 
biological differences that can affect the intake, elimination and bioaccumulation. Based 
on this study, Abdallah and Harrad (2011)  calculated different half-life values for each 
diastereomer, 165 days for α-HBCDD (representing 75% of the maximum half-life of 219 
days for the HBCDDs mixture), and a half-life of 55 days for the β- and γ-isomers (25% of  
219 days).  
As well as PBDEs, HBCDDs may also cause deleterious health effects in humans. 
HBCDDs can interfere with the thyroid function, the reproductive system and it is 
associated with neurobehavioral alterations (EFSA, 2011a). Several in vivo and in vitro 
studies confirmed the potential of HBCDDs to disrupt the thyroid homeostasis.  van der 
Ven et al. (2006), for example, performed a 28-day oral dose toxicity assay in rats and 
reported dose-related effects on the thyroid hormone. Eriksson et al. (2006) showed 
through a developmental neurotoxicity study in mice, that HBCDDs induced effects in 
behaviour, learning and memory function. These studies conducted in rodents report 
critical effects in the normal organism function and may explain what can occur in 
humans. Therefore, as in the case of other flame retardants, it is mandatory to investigate 




Polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecanes (HBCDDs) are 
brominated flame retardant extensively used over the past few decades and are ubiquitous 
in the indoor environment. Levels of these chemicals in indoor dust are generally high as 
dust acts as a concentrator and repository of these substances. Furthermore, dust is 
considered as one of the main exposure pathways for humans. In this review we compiled 
the levels of these FRs in dust samples from different origins (houses, offices, public 
places and cars) on a worldwide basis. Overall, the number of studies dealing with PBDEs 
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levels in indoor dust is much higher than the ones performed for HBCDDs. Generally, 
concentrations of PBDEs (especially BDE-47 and BDE-99) are higher in the North 
America, reflecting its extensive application in consumer products. Regarding the 
HBCDDs, levels are particularly higher in Europe as their production and usage is mainly 
concentrated in European countries. However, due to the limited number of studies 
performed outside Europe it is difficult to truly understand the HBCDDs global 
distribution. The concern about the effects of these flame retardants is global. Despite the 
fact that there is already a good amount of information on the concentrations of these 
contaminants in dust samples, on their behaviour and possible deleterious effects in 
humans, there are some difficulties when trying to compare results between the published 
studies. Such difficulties are associated with different sampling strategies, different target 
chemicals analysed and different ways of expressing the results and calculating ingestions 
rates. The use of different sampling methods, including household vacuum cleaner, 
specific vacuum cleaner (provided by the researchers), domestic vacuum cleaner with a 
nylon sock, or  brushes and wipes for example, generates different dust samples that are 
difficult to compare. Furthermore, the analytical methods used to quantify PBDEs and 
HBCDDs may also differ between laboratories, and the target chemicals analyzed are not 
always the same. Although BDE-28, 47, 99, 100, 153, 154, 183 and 209 are considered, by 
EFSA, the congeners of primary interest, the congeners selected for analysis vary 
considerably between studies, thus the resulting sum of PBDEs also differs, rendering the 
comparison between studies impossible. In data analysis, the fact that some studies report 
the results in medians and others in mean or geometric mean also renders the direct 
comparison difficult, besides temporal comparisons are also difficult to perform as some 
studies do not refer the sample collection dates. Ideally, the monitoring surveys should 
follow some general guidelines in order to allow more straight forward comparisons 
between studies and therefore to better access information on the effects of human 
exposure to these contaminants from different regions worldwide.  Finally, such surveys 
will allow evaluating the effectiveness of the legislation implemented over the years.   
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3.2. Brominated, chlorinated and phosphate organic contaminants in 
house dust from Portugal 
 
Abstract 
House dust is an important matrix to evaluate the human exposure to a large number of 
contaminants including organochlorine compounds and flame retardants. In this study, we 
measured the levels of polybrominated diphenyl ethers (PBDEs), 
hexabromocyclododecanes (HBCDDs), 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE), 
decabromodiphenyl ethane (DBDPE), polychlorinated biphenyls (PCBs)  and several 
organophosphorus flames retardants (PFRs) in 28 house dust samples collected between 
2010 and 2011 in two Portuguese cities, Aveiro and Coimbra. Among the measured 
compounds, PFRs, particularly tris(2-ethylhexyl) phosphate (TEHP), triphenyl phosphate 
(TPHP), 2-ethylhexyl diphenyl phosphate (EHDPP) and tris(methylphenyl) phosphate 
(TMPP), were the dominant group (median: 3200 ng g-1). PBDE levels were the second 
highest (median: 340 ng g-1) with great predominance of BDE 209 (median 270 ng g-1), 
followed by HBCDDs (median: 150 ng g-1), DBDPE (54 ng g-1), PCBs (median: 6.3 ng g-1) 
and BTBPE (median: 1.2 ng g-1). Estimated daily intakes (EDIs) via dust ingestion showed 
a higher intake of PFRs (median: 4.6 ng kg-bw-1 day 1); however for all contaminants the 
EDIs were much lower than the established reference dose (RfD) values. Therefore, the 
studied population is exposed to non-hazardous levels of the target compounds when 
considering the exposure through house dust ingestion. 
 
Keywords: dust, BFRs, EBFRs, PCBs, PFRs. 
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Indoor dust is a repository of many organic and inorganic contaminants (Butte and 
Heinzow, 2002). As modern people tend to spend about 85-98% of their time indoors 
(Liagkouridis et al., 2014) exposure to indoor dust is inevitable. Therefore, house dust has 
been used to evaluate human exposure to a large number of compounds accumulated 
indoors. 
Polychlorinated biphenyls (PCBs) and flame retardants (FRs) are two typical groups of 
compounds detected in house dust known to be hazardous to human health. FRs have been 
applied in various products that contain potentially flammable materials in order to reduce 
the devastating impact of fires. They have the ability to minimize the flame spread and the 
generation of smoke by slowing the combustion of polymers (Fromme et al., 2014). 
However, the provided safety benefits have currently been side by side with the concern of 
environmental contamination, toxicity and deleterious effects to animal and human health. 
About 200 distinct chemicals are used as FRs (Webster and Stapleton, 2012), these 
chemicals exhibit different structures and properties and can be inorganic or organic. This 
latter category includes organohalogenated and organophosphorus compounds. 
PCBs unique properties such as chemical stability, high boiling point, low heat 
conductivity and high dielectric constants, led to their large industrial and commercial 
applicability (EFSA, 2005). Due to their non-flammability they were also manufactured as 
FRs from the late 1920s to the mid-1980s (Bergman et al., 2012), though the main 
application of PCBs was as dielectric oil in the transformers and capacitors. Since PCBs 
are classified as persistent organic pollutants (POPs), their usage was banned in the 
majority of industrial countries, hence they were substituted by other chemicals (EFSA, 
2010). 
Brominated flame retardants (BFRs), alongside chlorinated flame retardants (CFRs), are 
included in the group of halogenated compounds (Bergman et al., 2012). BFRs include 
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD) and 
emerging brominated flame retardants (EBFRs). PBDEs and HBCDDs stand out among 
the BFRs detected in the environment. However, the application of the three major 
commercial mixtures of PBDEs has already been banned in many countries. 
  
 
Chapter 3. House Dust 
 
- 133 - 
 
In 2004, the production of penta-BDE and octa-BDE mixtures was discontinued in Europe 
and United States (US). Four years later, the application of deca-BDE mixtures in electric 
and electronic devices was phased out in Europe and their use was completely banned in 
the US in 2013.  HBCDDs commercialization was banned in August 2015 in Europe 
(Coelho et al., 2014). 
As a consequence of these restrictions, some alternatives were introduced into the market 
including EBFRs and organophosphorus flame retardants (PFRs), thereby the demand for 
these FRs has been increasing in the last several years. For instance, the EBFRs, 1,2-
bis(2,4,6-tribromophenoxy) ethane (BTBPE) and decabromodiphenyl ethane (DBDPE) 
arise as replacements for octa-BDEs and deca-BDEs, respectively (Newton et al., 2015).  
Additionally, the consumption of PFRs has been growing considerably; in 2006 the 
European consumption of FRs was 465,000 tons of which 10% were BFRs and 20% were 
PFRs (van der Veen and de Boer, 2012). Similarly to BFRs, they are used in the 
manufacture of different products, such as plastics, polyurethane foams, thermosets, 
coatings and textiles. PFRs are divided into two main classes; (1) halogenated phosphates 
such as tris(2-chloroethyl) phosphate (TCEP) and tris (1,3-dichloro- 2-propyl) phosphate 
TDCIPP, and (2) non-halogenated compounds,  tripropyl phosphate (TPP), tri-n-butyl 
phosphate (TNBP), 2-ethylhexyl diphenyl phosphate (EHDPP), tricresyl phosphate 
(TMPP), tripentyl phosphate (TPEP), triphenyl phosphate (TPHP) and  tris(2-ethylhexyl) 
phosphate (TEHP).  
According to the vast literature published before now, the above-mentioned contaminants 
are widespread in the environment and are considered to be hazardous to wildlife and 
human health (e.g. Fromme et al., 2015; IARC, 2015; van der Veen and de Boer, 2012). 
Considering their toxicity and widespread occurrence in the indoor environment, and the 
lack of information regarding their indoor levels in Portuguese houses, the present study 
aims to evaluate the levels of selected FRs (PBDEs, HBCDDs, EBFRs and PFRs) and 
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3.2.2. Materials and Methods 
 
3.2.2.1. Collection of house dust samples 
 
Dust sampling was carried out in two cities from central Portugal: Aveiro and Coimbra. 
Between February 2010 and November 2011, volunteers from Aveiro (n=18) and from 
Coimbra (n=10) were recruited by convenience and agreed to participate in the sampling 
campaign by signing an informed consent. The participants were asked to answer a 
questionnaire and to provide the vacuum cleaner bags that were currently in use to clean 
their respective residences. Hence, the bags collected in the different houses might 
correspond to different sampling periods (mean 90 days). In the surveyed houses all rooms 
were regularly vacuumed and therefore the dust samples collected reflect the 
contamination of the entire house. Housing characteristics, in which dust samples were 
collected, are described in Table 3.2.1. In our laboratory, house dust was removed from 
each vacuum cleaner bag and following the procedure described by similar studies (e.g. Ali 
et al., 2012b; Björklund et al., 2012; Brommer et al., 2012; Dirtu et al., 2012; Kim et al., 
2013; Roosens et al., 2009; Van den Eede et al., 2012; Van den Eede et al., 2011), the 
sample was sieved through a stainless steel sieve (500 μm) to remove fibrous materials and 
large pieces in order to obtain a suitable degree of homogeneity. The samples were kept in 
clean amber glass vials and stored at -25 °C in the Environmental Specimen Bank (es-
BANK) of Ehime University until chemical analysis. 
 
3.2.2.2. Chemical analysis 
 
Details of the analytical methods for BFRs, EBFRs, PCBs and PFRs were reported 
elsewhere (Asante et al., 2013; Kim et al., 2013). 
 
3.2.2.2.1. BFRs, EBFRs and PCBs  
 
About 2 g of each sieved dust sample were mixed with anhydrous sodium sulfate and 
extracted with a high speed solvent extractor (SE-100, Mitsubishi Chemical Analytech) 
using an acetone/hexane (1:1 v/v) solution. An aliquot of the extract corresponding to 1 g 
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of dust was spiked with 13C12-labeled PBDEs and 
13C12-labeled PCBs (5 ng each) and 10 
ng of 13C12-labeled HBCDDs as surrogates. 
The spiked portion was treated with sulphuric acid (98%), washed with hexane-washed 
water, and then run through a multi-layer silica gel column for clean-up. The pre-clean-up 
solution was subjected to gel permeation chromatography (GPC: Bio-Beads S-X3, Bio-
Rad, CA, 2 cm i.d.×50 cm) with a mobile phase of dichloromethane/hexane (1:1v/v) 
solution for further clean-up. The fraction containing organohalogen compounds was 
concentrated using a rotary evaporator and fractionated through a 4 g of activated silica gel 
(Wakogel DX) packed in a glass column. First fraction, containing PBDEs, BTBPE, 
DBDPE and PCBs, was eluted with 80 ml of dichloromethane/hexane (5% v/v), and the 
second, containing HBCDDs, with 100 ml of dichloromethane/hexane (25% v/v). To 
ensure the recoveries of the surrogates, the first fraction was evaporated and spiked with 
13C12-labeled
 BDE 126 and BDE 205 for PBDE IS and 13C12-labeled
 BDE 139 for PCB IS  
while the second fraction containing HBCDDs was spiked with HBCDD-d18 (α-, β-, γ-
HBCDD-d18). Identification and quantification of PBDEs, BTBPE, DBDPE and PCBs 
were performed using a gas chromatograph (GC: Agilent 7890 A) coupled with a mass 
spectrometer (MS: Agilent 5975 C). GC columns used were DB-1MS (length: 30 m x 
internal diameter: 0.250 mm x film thickness: 0.25µm, Agilant J&W) for PCBs, mono to 
hepta BDEs and BTBPE, and DB-5HT (15m x 0.25mm x 0.1µm, Agilant J&W) for octa to 
deca BDEs and DBDPE. 
Considering HBCDD isomers, an ultra-performance liquid chromatograph equipped with a 
Quattro Micro API triple–quadrupole mass spectrometer (UPLC-MS/MS, 
Waters/Micromass, Tokyo, Japan) was used for analysis. The separation of the 3 
diastereoisomers was achieved with an Agilent Extend C18 (2.1 mm x 100 mm, 1.8 μm) 
column. 
 
3.2.2.2.2. Organophosphorus flame retardants 
 
Another portion of the extract corresponding to approximately 0.1 g of the house dust was 
purified with a 6% H2O deactivated alumina column (1 cm i.d. x 20 cm). The target PFRs 
were eluted with 50 mL of dichloromethane. After complete solvent evaporation, the 
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analytes were reconstituted in 1 mL of methanol (MeOH), and 1 ng of TPP-d15 was added 
as an internal standard.  
Nine PFRs were identified and quantified using an UPLC (UFLC-XR, Shimadzu 
Corporation, Japan) coupled with an AB Sciex 5500 Q-Trap electrospray triple-quadrupole 
mass spectrometer (AB Sciex, Foster City, CA) in positive ionization mode. A 10 μL 
aliquot of final MeOH solution containing PFRs was injected onto an Asentis Express C18 
analytical column (2.7 μm, 2.1 mm i.d. x 100 mm; Supelco, Bellefonte, PA) and separated 
with the mobile phase of 0.1% (v/v) formic acid in Milli-Q water (A) and 10 mM 
ammonium acetate in methanol (B) at a flow rate of 0.2 mL/min. The gradient conditions 
were as follows; (A) 80% + (B) 20 % as initial conditions and held for 2 min, (A) 5% + (B) 
95% at 3 min and held for 8 min, and (A) 0% + (B) 100% at 9 min and held for 13 min. 
The MS/MS parameters for the instrument were optimized for individual analytes by the 
protocol reported previously (Kim et al., 2011). 
 
3.2.2.3. Quality control and quality assurance 
 
For quality assurance and quality control (QA/QC), with every batch of samples, a 
laboratory blank was analysed in order to assess possible contamination during the 
analytical procedure. The limits of detection (LODs) were calculated as three times the 
standard deviation of background peaks in the procedural blanks. LODs were: 0.23 ± 0.007 
ng g-1 for BDE 28, 47, 99, 100, 153, 154 and 183, HBCDDs and BTBPE; 0.91 ± 0.030 ng 
g-1 for BDE 209 and DBDPE; between 0.15 ± 0.005 ng g-1 and 0.51 ± 0.017 ng g-1 for non-
dioxin-like PCBs; between 0.27 ± 0.009 ng g-1 and 0.62 ± 0.020 ng g-1 for dioxin-like 
PCBs; and 0.86 ± 0.023 ng g-1, 0.44 ± 0.028 ng g-1, 1.5 ± 0.031 ng g-1, 0.84 ± 0.011 ng g-1, 
0.28 ± 0.012 ng g-1, 1.8 ± 0.019 ng g-1, 1.5 ± 0.010 ng g-1, 4.0 ± 0.029 ng g-1 and 1.8 ± 
0.014 ng g-1 for TPP, TNBP, EHDPP, TMPP, TPEP, TPHP, TEHP, TCEP and TDCIPP, 
respectively. Concentrations below the limit of detection (LOD) were considered as zero 
for all calculations. 
Recoveries of the surrogates varied between 78 and 136 % for PBDEs, 76 and 89 % for 
HBCDDs, 87 and 92 % for BTBPE, between 161 and 200 % for DBDPE, 59 and 90 % for 
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3.2.2.4. Statistical analysis 
 
Data regarding the general statistical description on the levels of target compounds in the 
analyzed samples were calculated through the Microsoft Office Excel 2013. Spearman 
rank correlation (for continuous variables) and Kruskal-Wallis test (for nominal variables) 
were used to assess the associations between selected house characteristics (information 
gathered from the questionnaire) and the levels of BFRs, PCBs and PFRs. These analyses 
were performed using IBM SPSS Statistics 20. Sigma Plot V11.0 was used for the box-plot 
graphs on the concentration distribution of BFRs, PCBs, and PFRs (i.e., Figure 3.2.1). All 
statistical analyses were carried out for a significance level of 0.05. 
 
3.2.2.5. Estimation of human exposure/ Calculation of daily intake 
 
Human exposure through dust ingestion was evaluated by calculating the estimated daily 
intakes (EDIs) of the target compounds, based on the high dust ingestion rates of 100 mg 
day-1 for adults and 200 mg day-1 for children (Wilford et al., 2005), which reflect the worst 
case scenarios. 
The calculations were based on an average body weight of 70 kg for adults and 12 kg for 
children (EFSA, 2012). 
 
3.2.3. Results and discussion 
 
3.2.3.1. Housing characteristics 
 
Dust samples were collected from 28 houses located in Aveiro and Coimbra, which were 
mainly apartments (60.7%) located in the urban area (64.3%) (Table 3.2.1). Most of the 
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Table 3.2.1. Housing characteristics (n=28). 
Characteristics  % of houses (n)a 
District Aveiro 64.3 (18) 
 
Coimbra 35.7 (10) 
Construction year < 1990 21.4 (6) 
 
1990 - 1994 7.1 (2) 
 
1995 - 1999 3.6 (1) 
 
2000 - 2004 32.1 (9) 
 
≥ 2005 28.6 (8) 
House area (m2) < 30  3.6 (1) 
 
30 - 129 42.9 (12) 
 
130 - 229 28.6 (8) 
 
230 - 329 17.9 (5) 
 
≥ 330 3.6 (1) 
Location Urban 64.3 (18) 
 
Sub-urban 17.9 (5) 
 
Agricultural 14.3 (4) 
House Type Apartment 60.7 (17) 
 
Private House 35.7 (10) 
No. of electronic devicesb < 5 25.0 (7) 
 
5 - 9 57.1 (16) 
 
≥ 10 14.3 (4) 
a For one house from Aveiro District no information on housing 
characteristics was available, furthermore for another house also from 
Aveiro the information on the construction year was not provided. 
b Including TVs, computers, stereos, VCRs and DVD players. 
 
 




Concentrations of analyzed BFRs are listed in Table 3.2.2. For PBDEs, the total and 
primary congener levels (BDE 28, 47, 99, 100, 153, 154, 183, and 209) varied from 38 to 
9600 ng g-1 (median: 340 ng g-1) and from 34 to 9200 ng g-1 (median: 300 ng g-1), 
respectively. BDE 47, 99 and 209 were detected in all the 28 dust samples being the main 
contributors for the total PBDE concentration. Such predominance of BDE 47, 99 and 209 
is in accordance with previous results from dust samples of different origins (houses, cars, 
public places and offices) collected around the world  (see review by Coelho et al. (2014)). 
A previous study on house dust samples collected in Porto region, Portugal also showed 
BDE 209 as the most abundant congener followed by BDE 47 and BDE 99 (Cunha et al., 
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2010). However, the median concentrations of BDE 209 (950 ng g-1) and BDE 47 (19 ng g-
1) reported by Cunha et al. (2010) were slightly higher than those observed in this study 
(270 ng g-1 for BDE 209 and 5.7 ng g-1 for BDE 47), with the exception of BDE 99 that 
showed similar concentrations (medians about 6 ng g-1 each). Elevated levels of BDE 209 
are in accordance with other European studies (e.g. Björklund et al., 2012; Newton et al., 
2015; Sahlström et al., 2015). These results may reflect a greater use of deca-BDE 
commercial formulation containing mainly BDE 209 than the penta-BDE mixture 
composed primarily of BDE 47, 99 and 100. Another possible reason might be the due to 
BDE 209 instability in the products and strong affinity to particles (UNEP, 2014), which 
potentiates its migration from the consumer products and to adsorb to the indoor dust.  
 
Table 3.2.2. Concentrations (ng g-1) and detection frequency (DF %) of BFRs in the 28 dust samples 
analyzed. 
 DF % (n) Mean Median Range 
BDE 28 32.1 (9) 0.35 < 0.23 < 0.23 – 2.1 
BDE 47 100 (28) 12 5.7 1.3 – 110 
BDE 99 100 (28) 12 6.3 1.4 – 58 
BDE 100 78.6 (22) 2.2 1.2 < 0.23 – 14 
BDE 153 57.1 (16) 1.3 0.75 < 0.23 – 7.7 
BDE 154 35.7 (10) 0.64 < 0.23 < 0.23 – 3.6 
BDE 183 89.3 (25) 5.2 2.4 < 0.23 – 70 
BDE 209 100 (28) 780 270 24 – 9200 
Ʃ PBDEsa _ 890 340 38 – 9600 
Ʃ tri-hepta-BDEb _ 34 16 4.5 – 190 
Ʃ 8 PBDEsc _ 810 300 34 – 9200 
α-HBCDD 100 (28) 200 91 11 – 1800 
β-HBCDD 100 (28) 43 16 1.9 – 230 
γ-HBCDD 100 (28) 130 35 2.8 – 900 
Ʃ HBCDDs _ 380 150 16  – 2000 
BTBPE 50 (14) 13 1.2 < 0.23 – 96 
DBDPE 100 (28) 60 54 12 – 150 
a Sum of all congeners; b Sum of BDE 28, 47, 99, 100, 153, 153 and 183; c Sum of BDE 28, 47, 99, 
100, 153, 153, 183 and 209. 
(n): number of samples in which BFRs were detected. 
 
Although previous studies that analyzed dust samples from the United States (US) have 
generally disclosed higher levels of BDE 209 than those reported in Europe, the large 
differences among the levels of BDE 209 and BDE 47 and 99 observed in Europe (well 
characterized by Sjödin et al. (2008)) were not observed in the US dust (e.g. Dodson et al., 
2012; Schreder and La Guardia, 2014; Whitehead et al., 2013). These small differences are 
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probably due to the fact that the penta-BDE mixture was extensively consumed in North 
America (EFSA, 2011). 
Total concentrations of HBCDDs varied between 16 and 2000 ng g-1, and the three 
HBCDD isomers were detected in all the dust samples. α-HBCDD exhibited the highest 
median concentration, 91 ng g-1, which accounted for 79% of the total concentration 
(median: 150 ng g-1), followed by γ-HBCDD (median: 35 ng g-1) and β-HBCDD (median: 
16 ng g-1). This HBCDD isomer profile does not follow the general global pattern of 
HBCDDs in indoor dust, γ-HBCDD > α-HBCDD > β-HBCDD, described by Coelho et al. 
(2014), which reflects the composition of the HBCDD commercial mixture. Nevertheless, 
some surveys also described α-HBCDD as the dominant isomer, as for example in house 
dust from Belgium, Germany, Czech Republic, Sweden and from the United States 
(Roosens et al., 2009, Fromme et al., 2014, Lankova et al., 2015, Sahlström et al., 2015 
and Schreder and La Guardia, 2014). This α-HBCDD dominance might result from the 
thermal treatment of materials during production process. At temperatures above 100oC, γ-
HBCDD might be converted to α-HBCDD (Heeb et al., 2008), which is relatively stable 
and bioaccumulative (Kuo et al., 2014). Furthermore, it is well known that, in Europe, 
HBCDDs used in certain plastics or fabrics are treated or pressed with a thermal process. 
Therefore, although γ-HBCDD is more abundant in the commercial formulation, α-
HBCDD can be dominant in environmental samples, including dust.  
The median concentrations of Ʃ HBCDDs in the aforementioned studies are in the same 
range (ca 100 ng g-1) as our study (150 ng g-1), with the exception of German and 
American samples that exhibited median values for Ʃ HBCDDs two or more times higher 
(345 and 300 ng g-1, respectively) (Fromme et al., 2014; Schreder and La Guardia, 2014).  
Concerning EBFRs, while the detection frequency of BTBPE was 50% with levels varying 
from < 0.23 to 96 ng g-1 (median: 1.2 ng g-1), DBDPE was detected in all samples with 
concentrations between 12 and 150 ng g-1 (median: 54 ng g-1). These concentrations are in 
the same order of magnitude as those detected in New Zealand dust samples with median 
concentrations of 2 and 23 ng g-1 for BTBPE and DBDPE, respectively (Ali et al., 2012a). 
In house dust, generally, BTBPE displays lower concentrations when comparing with 
DBDPE. In fact, similarly to our survey, dust samples from Czech Republic (Kalachova et 
al., 2012), Sweden (Sahlström et al., 2015) and the United States (Dodson et al., 2012) 
exhibited lower levels of BTBPE (with median values of < 2; 6.3 and 12 ng g-1, 
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respectively) when compared with the median concentrations of DBDPE in the same 
samples (141, 150 and 140 ng g-1, respectively). 
Overall, among the BFRs targeted, PBDEs were dominant in Portuguese house dust, 
followed by HBCDDs and EBFRs (Table 3.2.2 and Figure 3.2.1); however when excluding 
the BDE 209 congener, HBCDDs become the major BFR group. Similar trends were 




Generally, PCBs were detected in house dust samples at lower levels than BFRs (Figure 
3.2.1), with the total PCBs concentrations varying from 0.18 to 61 ng g-1 (summarized in 
Table 3.2.3). Non-dioxin-like PCBs (ndl-PCBs) were the predominant congeners, 
particularly PCB 138, 101, 153 and 180 with DFs of 85.7, 89.3, 96.4 and 100%, 
respectively. These results might reflect the predominant use of Aroclor 1254 and 1260 
commercial formulations, which were widely used in Europe (Cachada et al., 2009). These 
results are in accordance with other studies that analyzed house dust samples from 
Belgium (Roosens et al., 2010), United States, Canada and New Zealand (Harrad et al., 
2009), Romania (Dirtu et al., 2012), Singapore (Tan et al., 2007b) and Pakistan (Ali et al., 
2012b).  
In this study, however, PCB 28 also exhibited high detection frequencies (75%), and thus 
having an impact on total PCBs concentrations. PCB 28 was the main congener found in 
dust samples from the United Kingdom, New Zealand (Harrad et al., 2009) and Germany 
(Abb et al., 2010). This congener is integrated in the commercial Aroclor 1242 that is 
mainly constituted by tri- and tetrachlorinated PCBs. 
Dioxin-like PCBs showed median concentrations below the limit of detection (LOD) for 
all the congeners. In contrast, Hinwood et al. (2014) measured the levels of dioxin-like 
PCBs in house dust samples from Australia and all congeners showed median 
concentrations over the LOD with the exception of PCB 169. PCB 118 showed the highest 
concentration, followed by PCB 156 and PCB 105 (Hinwood et al., 2014).   
The majority of the previous surveys in other countries reported higher total concentrations 
of PCBs than our study (median: 6.3 ng g-1), with the exception of two surveys conducted 
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in Singapore (median: 5.6 ng g-1 (Tan et al., 2007b)) and Pakistan (median: 0.67 ng g-1 (Ali 
et al., 2012b)), implying less PCB contamination in Portuguese indoor environment. 
 
 
Table 3.2.3. Concentrations (ng g-1) and detection frequency (DF %) of PCBs in the 28 
dust samples analyzed. 
 DF % (n) Mean Median Range 
Non-dioxin-like PCBs 
PCB 28 75 (21) 0.59 0.62 < 0.3 – 2.8 
PCB 52 39.3 (11) < 0.51 < 0.51 < 0.51 – 1.4 
PCB 101 89.3 (25) 1.3 0.68 < 0.31 – 6.0 
PCB 138 85.7 (24) 1.7 0.87 < 0.35 – 9.7 
PCB 153 96.4 ( 27) 1.7 0.86 < 0.24 – 9.6 
PCB 180 100 (28) 0.95 0.66 0.18 – 4.3 
Dioxin-like PCBs* 
PCB 77 3.6 (1) < 0.52 < 0.52 < 0.52 – 0.58 
PCB 105 28.6 (8) < 0.31 < 0.31 < 0.31 – 3.2 
PCB 118 35.7 (10) 0.65 < 0.52 < 0.52 – 5.7 
PCB 156 14.3 (4) < 0.41 < 0.41 < 0.41 – 0.82 
PCB 167 3.6 (1) < 0.33 < 0.33 < 0.33 – 0.35 
     
Ʃ ndl-PCBsa _ 6.4 3.7 0.18 – 30 
Ʃ dl-PCBsb _ 1.0 < LOD§ < LOD§ – 9.7 
Ʃ 18 PCBsc _ 7.5 3.9 0.18 – 35 
ƩPCBs _ 13 6.3 0.18 – 61 
a sum of non-dioxin-like PCBs (28, 52, 101, 138, 153 and 180); b dioxin-like PCBs (77, 81, 
105, 114, 118, 123, 126, 156, 157, 167, 169 and 189); csum of dioxin-like PCBs and non-
dioxin-like PCBs. 
*PCB 81, 114, 123, 126, 157, 169 and 189 were not included since they were not detected 
(< LOD) in all samples. 
(n): number of samples in which PCBs were detected. 





Concentrations of nine PFR compounds detected in house dust are summarized in Table 
3.2.4. Compared to BFRs and PCBs, PFRs were the most abundant compounds in the 
surveyed houses with concentrations ranging from 920 to 35000 ng g-1 (median: 3200 ng g-
1). The median concentration of PFRs was one order of magnitude higher than PBDEs 
(median: 340 ng g-1) and HBCDDs (median: 150 ng g-1) and three orders of magnitude 
higher than PCBs (median: 6.3 ng g-1) (Figure 3.2.1). 
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Table 3.2.4. Concentrations (ng g-1) and detection frequency (DF %) of PFRs in the 28 
dust samples analyzed. 
  DF % (n) Mean Median Range 
TPP 75 (21) 3.0 2.4 < 0.86 – 10 
TNBP 92.9 (26) 73 28 < 0.44 – 550 
EHDPP 100 (28) 1100 620 150 – 7200 
TMPP 100 (28) 130 97 24 – 480 
TPEP 53.6 (15) 2.7 0.75 < 0.28 – 25 
TPHP 100 (28) 1000 660 110 – 5200 
TEHP 100 (28) 2200 1700 250 – 23 000 
TCEP 82.1 (23) 58 17 < 4.0 – 720 
TDCIPP 53.6 (15) 60 22 < 1.8 – 390 
ƩPFRs _ 4700 3200 920 – 35 000 
(n): number of samples in which PFRs were detected. 
 
 
Figure 3.2.1. Boxplot summarizing the variation in total concentrations of the target 
compounds measured in the 28 house dust samples from Portugal. Outliers, maximum, 
minimum, median, and the 25th and 75th percentiles are presented (ng g-1).  
 
Median concentrations for all PFR compounds were over the LOD, which indicates their 
ubiquitous distribution in the Portuguese houses. Non-halogenated PFRs, TEHP, TPHP, 
EHDPP and TMPP, were detected in all the 28 samples with elevated median levels, 1700, 
660, 620 and 97 ng g-1, respectively. Although the number of studies reporting the levels of 
TEHP in house dust is limited, Kim et al. (2013) detected this compound in indoor dust 
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samples from two different locations in the Philippines. Despite the lower median 
concentrations (140 ng g-1 and 41 ng g-1, in residential and dumping site areas 
respectively), TEHP also exhibited high detection frequencies and was the main PFR in 
dust samples from a residential area (Malate) in Philippines. TPHP concentrations detected 
in our samples were in the same order of magnitude of the levels reported in other studies 
(Table 3.2.5), with the exception of the Philippines samples in which TPHP levels are 
relatively lower (Kim et al., 2013). 
Considering EHDPP, the levels found in our samples were higher than those reported by 
other studies (Table 3.2.5). TMPP in Portuguese dust exhibited the lowest concentrations 
among the four main non-halogenated PFR compounds. This pattern is in agreement with 
the results observed in other countries (Table 3.2.5).  
 
Table 3.2.5. Median concentrations (ng g-1) of PFRs in house dust from different locations around the 
world published since 2010. 
 References Country n TEHP TPHP EHDPP TMPP 
Dirtu et al. 
(2012) 
Romania 47 n.a. 500 n.a. 500 




( 1 house) 
n.a. 380 (mean) n.a. 
94 
(mean) 
Van den Eede et 
al. (2012) 
Belgium 8 n.a. 400 n.a. 120 
Van den Eede et 
al. (2011)  
Belgium 33 n.a. 500 n.a. 240 
Kim et al. 
(2013) 
Philippines 37 75 78 70 13 
Brandsma et al. 
(2014) 
Netherlands 8 n.a. 820 350 110 
Canbaz et al. 
(2015)* 
Sweden 110a, 110b n.a. 419a, 631b 163a, 172b 
192a, 288b 
(mmp-TMPP) 
Mizouchi et al. 
(2015) 
Japan 10 < MDL 820 200 1200 
This study Portugal 28 1700 660 620 97 
n.a.: information not available 
MDL: method detection limit. 
*Dust samples were collected from two different groups: a mattresses from the mothers that gave birth 
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3.2.3.3. Association with housing characteristics 
 
Associations between the dust levels of the target compounds (Tables 3.2.2, 3.2.3 and 
3.2.4) and the housing characteristics depicted in Table 3.2.1 (District, Construction year, 
House area, Location, House type, No. of electronic devices) were assessed. Regarding 
PBDEs and HBCDDs, no statistically significant correlations with the aforementioned 
characteristics were found, though some associations were expected between these BFRs 
and the construction year or the number of electronic devices. The lack of correlations 
might be linked to the possibility that the levels of PBDEs and HBCDDs can be more 
influenced by the last reconstruction date rather than the year of construction, as suggested 
by Kalachova et al. (2012). Because the penta- and octa-BDEs commercial mixtures were 
banned in all applications in the European Union in August 2004, while deca-BDE was 
banned for use in all electric and electronic applications in July 2008 (BSEF, 2013). Other 
influencing factors can be considered, as the small sample size and the high variety of the 
sample sources. Similar results showing no correlations were reported in other studies (e.g. 
Cunha et al., 2010; Kalachova et al., 2012; Tan et al., 2007a; Wu et al., 2007).  
For BTBPE, no significant correlations were observed between the dust levels and all the 
housing characteristics. However, for DBDPE, statistically significant associations were 
found between its concentrations and the houses’ area (Spearman Correlation, r= 0.442; 
df= 25; p= 0.007), house type (Kruskal-Wallis test, H= 8.481, p= 0.004) and location 
(Kruskal-Wallis test, H= 6.590, p= 0.037). In general, DBDPE concentrations were higher 
in smaller houses (lower areas and apartments) and in urban locations (Figures B1, B2 and 
B3 in Annex B).  
No correlation was obtained between PCBs levels in dust and the year of construction. 
Hinwood et al. (2014), for example, reported that dust concentrations of PCBs increased 
with the increased age of the houses. However, this trend was not noticeable in our survey, 
probably because most of the houses (82%) were built after the introduction of PCBs 
legislation. In Portugal, by 1976 their industrial and commercial use was phased out with 
the exception of their application in dielectric, heat transmitters and hydraulic fluids, that 
were totally banned in 1988 with the exception of their use for the maintenance of 
equipment in service and impossible to replace (Garcia et al., 2015). Statistically 
significant associations were found between Ʃ PCBs concentrations in dust and the houses’ 
  
 
Chapter 3. House Dust 
 
- 146 - 
 
area (Spearman Correlation, r= 0.361; df= 25; p= 0.008), and location (Kruskal-Wallis test, 
H= 6.204, p= 0.045), with higher concentrations in smaller houses and in urban locations 
(Figure B4, B6, Annex B). Despite the correlation with the areas, no association was found 
with the house type, though, the Ʃ PCBs concentrations in house dust tended to be higher 
in apartments (Figures B5, Annex B), like for DBDPE.  
For PFR compounds, no correlations were found between their levels and none of the 
housing characteristics.  
 
3.2.3.4. Estimated daily intakes 
 
In order to evaluate the exposure to BFRs, PCBs, and PFRs via dust ingestion, the 
estimated daily intakes (EDIs) were calculated based on the high dust ingestion rates of 
100 mg day-1 for adults and 200 mg day-1 for children (Wilford et al., 2005) and 
considering 70 and 12 kg as the average body weights of adults and children, respectively 
(EFSA, 2012). EDIs for the target compounds are shown in Table 3.2.6, alongside with the 
reference dose (RfD) values described by Van den Eede et al. (2011), Ali et al. (2012b) 
and Kim et al. (2013).  
For BFRs, the median EDIs (adults – children) were 0.49 – 5.7, 0.22 – 2.6, 0.0017 – 0.02 
and 0.078 – 0.9  ng kg-bw-1 day-1 for Ʃ PBDEs, Ʃ HBCDDs, BTBPE and DBDPE 
respectively, disclosing higher intakes of PBDEs and HBCDDs rather than the EBFRs. 
Despite the fact that all calculations were performed using the high dust ingestion rates 
which reflects the worst case scenario, the EDIs are much lower (more than 1000 times) 
than the established RfDs of 7000 ng kg-bw-1 day-1 for BDE 209, 200 x 103 ng kg-bw-1 
day-1 for HBCDDs, 243 x 103 ng kg-bw-1 day-1 for BTBPE and 333 x 103 ng kg-bw-1 day-1 
for DBDPE (Table 3.2.6). 
As expected from the dust concentrations, the intakes of PCBs through dust ingestion were 
higher for the ndl-PCBs (0.0053 – 0.062 ng kg-bw-1 day-1, adults - children). Similarly to 
BFRs, the intakes of Ʃ PCBs (0.009 – 0.11 ng kg-bw-1 day-1, adults - children) were much 
lower than the RfD (1000 ng kg-bw-1 day-1). 
Considering the main four PFR compounds, the median intakes of TEHP (2.4 - 28 ng kg-
bw-1 day-1, adults - children) were the highest (Table 3.2.6), though it was about 1000 
times lower, in children, and more than 1000 times lower, in adults, than the calculated 
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RfD based on the value described by Kim et al. (2012). The EDIs of TPHP and TMPP, 
0.95 – 11 and 0.14 – 1.6 ng kg-bw-1 day-1 (adults – children), respectively, were also much 
lower than the RfD values (7000 and 1300 ng kg-bw-1 day-1). 
Although the worst case scenario has been considered, all the EDIs were far below the 
established RfD values in all cases. However, this is only one of the potential exposure 





This study disclosed the occurrence of several brominated, chlorinated and phosphate 
organic contaminants in 28 house dust samples from Aveiro and Coimbra in Portugal. 
Generally, the flame retardants (BFRs, EBFRs and PFRs) exhibited higher detection 
frequencies and concentrations than PCBs, being the PFRs the most important indoor 
contaminants among the flame retardant groups, especially TEHP, TPHP, EHDPP and 
TMPP. Generally, no significant correlations were found between the levels of these 
contaminants in dust and the housing characteristics, with the exception of DBDPE and 
PCBs that exhibited higher concentrations in smaller houses and in urban locations. 
Although most contaminants were detected in the house dust surveyed, their levels were 
generally low, compared to other European countries and the US, and the EDIs were far 
below the established RfD values in all cases.  However, it is important to note that the 
ingestion of dust is only one of the potential exposure pathways and that other exposure 









Table 3.2.6. Estimated daily intakes of BFRs, PCBs and PFRs via dust ingestion. Calculated from the house dust concentrations considering the worst case scenarios 
(dust ingestion of 100 and 200 mg day-1 for adults and children, respectively) and the average body weights of 70 kg (adults) and 12 kg (children). 
 Adult  Children   
 Mean  
ng kg-bw-1 day- 1 
 (ng day-1) 
Median  
ng kg-bw-1 da - 1 
 (ng day-1) 
Range 
ng kg-bw-1 day- 1 
 (ng day-1) 
 
Mean  
ng kg-bw-1 day- 1 
 (ng day-1) 
Median  
ng kg-bw-1 day- 1 
 (ng day-1) 
Range 
ng kg-bw-1 day- 1 
 (ng day-1) 
 
RfD 
ng kg-bw-1 day-1 




0.054 – 14 





0.63 – 160 
(7.6 – 1900) 
 
(BDE 209: 7000)f 




0.0065 – 0.27 





0.075 – 3.2 
(0.90 – 38) 
 
_ 




0.048 – 13 





0.56 – 150 
(6.7 – 1800) 
 
_ 




0.022 – 2.9 





0.26 – 33 







0 – 0.14 





0 – 1.6 







0.017 – 0.22 





0.2 – 2.6 
(2.4 – 31) 
 
333 333g 




0.00025 – 0.043 





0.003 – 0.5 
(0.035 – 6.1) 
 _ 
 




0 – 0.014 





0 – 0.16 
(0 – 1.9) 
 
_ 




0.00025 – 0.05 
(0.018 – 3.5) 




0.003 – 0.58 







0.00025 – 0.087 





0.003 – 1 







0.36 – 32 





4.2 – 380 







0.16 – 7.4 





1.9 – 86 







 Adult  Children   
 Mean  
ng kg-bw-1 day- 1 
 (ng day-1) 
Median  
ng kg-bw-1 da - 1 
 (ng day-1) 
Range 
ng kg-bw-1 day- 1 
 (ng day-1) 
 
Mean  
ng kg-bw-1 day- 1 
 (ng day-1) 
Median  
ng kg-bw-1 day- 1 
 (ng day-1) 
Range 
ng kg-bw-1 day- 1 
 (ng day-1) 
 
RfD 





0.22 – 10 





2.5 – 120 







0.034 – 0.69 





0.40 – 8.1 







1.3 – 51 





15 – 590 
(180 – 7100) 
 _ 
 
a Sum of BDE 28, 47, 99, 100, 153, 153 and 183; b Sum of BDE 28, 47, 99, 100, 153, 153, 183 and 209; c sum of non-dioxin-like PCBs (28, 52, 101, 138, 153 and 180); 
d dioxin-like PCBs (77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 and 189); e sum of dioxin-like PCBs and non-dioxin-like PCBs. 
 f Van den Eede et al. (2011).  
g Ali et al. (2012b).  
h Kim et al. (2013).  
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3.3. Asthma and exposure to brominated flame retardants, 




Brominated flame retardants (BFRs), polychlorinated biphenyls (PCBs) and 
organochlorine pesticides (OCs) are major indoor contaminants associated with a large 
number of harmful effects in human health, including asthma. Exposure to these 
contaminants occurs largely via the ingestion of dust. Here we report the levels of BFRs, 
PCBs and OCs in dust samples collected from houses of asthmatics and non-asthmatic 
volunteers living in Covilhã, Portugal. No significant differences were found between the 
contaminants’ levels in dust samples between the two groups (asthmatics and non-
asthmatics houses). BFRs were the dominant group with polybrominated diphenyl ethers 
(PBDEs) and decabromodiphenyl ethane (DBDPE) exhibiting the highest levels, followed 
by hexabromocyclododecanes (HBCDDs), polychlorinated biphenyls (PCBs) and 
dichlorodiphenyltrichloroethanes (DDTs). Estimated daily intakes (EDIs) of BFRs, PCBs 
and OCs via the ingestion of dust were much lower than the established reference doses 
(RfD) and therefore the risk associated with dust ingestion is low. 
 
Keywords: asthma, house dust, BFRs, PCBs, OCs. 
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Asthma affects up to 334 million people worldwide (Global Asthma Network, 2014) and in 
Portugal it is prevalent in about 10% of the all population (de Araújo, 2016). According to 
the European Respiratory Society (2013), approximately one third of the population will 
develop asthma during their lifetime. This disease affects mostly children and elderly, 
though, the burden of asthma, measured by DALYs (Disability-adjusted life years), is 
greatest from the sixth decade of life onwards (Global Asthma Network, 2014). The older 
adults and elderly exhibit greater susceptibility for more exacerbations and related 
complications (de Araújo, 2016).  This tendency might be related to the increased presence 
of comorbidities in these patients leading to a persistent decline in lung function (Reed, 
2006).   
Over the last decades the role of environmental factors in the etiology of asthma has 
received increasing attention, particularly in what concerns indoor contaminants. Mold and 
dampness, for example, are recognized as triggers for asthma, increasing the risk of 
asthma-related problems by 30-50% (European Respiratory Society, 2013). Besides these 
biological contaminants, several chemicals, including some indoor pollutants, have also 
been recognized as possible risk factors for the development of asthma (Hulin et al., 2012). 
However, a limited number of studies examined the associations between specific classes 
of indoor contaminants such as persistent organic pollutants (POPs) or flame retardants 
(FRs) and asthma (e.g. Hernandez et al., 2011; Araki et al., 2014; Canbaz et al., 2016; 
Meng et al., 2016a). 
Brominated flame retardants (BFRs) are one of the most important groups of indoor 
contaminants that comprises several classes of flame retardants such as polybrominated 
diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD) and emerging BFRs (e.g. 
2-bis(2,4,6-tribromophenoxy) ethane (BTBPE) and decabromodiphenyl ethane (DBDPE)) 
(Coelho et al., 2014; Coelho et al., 2016). Other well-known indoor contaminants are the 
polychlorinated biphenyls (PCBs) and the organochlorine pesticides (OCs) (e.g. 
hexachlorobenzene (HCB), chlordanes (CHLs), dichlorodiphenyltrichloroethanes (DDTs)). 
These indoor contaminants have been associated with many adverse health effects, such as 
endocrine and thyroid disruption, reduced IQ and neurodevelopmental delays in children 
(Dodson et al., 2012; Babrauskas et al., 2014), neurobehavioral disorders, interference with 
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the immune system functions (Hertz-Picciotto et al., 2008; Wang et al., 2015), cancer 
(IARC, 2015) and respiratory problems, including asthma (e.g. Hernandez et al., 2011; 
Meng et al., 2016a). As a consequence of their harmful effects the use of the majority of 
these compounds has already been banned in the European Union. The PCBs, HCB, CHLs, 
DDTs were discontinued since the 70’s and 80’s (EFSA, 2006b, a, 2007, 2010) whilst the 
PBDEs and HBCDDs were phased out in 2004 (penta- and octa- BDEs), 2008 (deca-
BDEs) and 2015 (HBCDDs) (Coelho et al., 2014). BTBPE and DBDPE are currently used 
as replacements for octa-BDEs and deca-BDEs, respectively (Covaci et al., 2011). 
However, their physicochemical properties are similar to the replaced BFRs, and therefore 
they appear to have similar toxicological behaviour (Babrauskas et al., 2014).  
Despite the restrictions on the manufacture and use of PCBs, OCs and BFRs, these 
contaminants are continuously released from the large range of goods in which they have 
been incorporated, being therefore spread into the environment and detected in a large 
number of media including air, soil, food and indoor dust. PCBs, HCB, CHLs and DDTs 
are in the list of the twelve contaminants initially recognized as POPs by the Global 
Stockholm Convention (Stockholm Convention, 2013), to which the commercial penta- 
and octa-BDEs and the HBCDDs were added latter.  
Among all the possible sources of exposure to these contaminants, indoor dust is described 
as one of the most important (Mercier et al., 2011). In fact, indoor dust works as a reservoir 
of BFRs, PCBs and OCs and is widely used as a marker to evaluate the indoor 
contamination. 
Considering that no data on the levels of BFRs, PCBs and OCs exists for the households of 
Beira Interior region in Portugal and considering the emerging evidences of the 
associations between the exposure to these contaminants in the indoor environment and 
respiratory diseases we launched a study at the University of Beira Interior in order to 
understand the role of the exposure to indoor contaminants and asthma.  
In the present study we report the preliminary results on the levels of the selected BFRs, 
PCBs and OCs in house dust samples from adult asthmatics patients and non-asthmatics 
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3.3.2. Material and Methods 
 
3.3.2.1. Samples collection 
 
Participants were recruited, by convenience, at the Centro Hospitalar Cova da Beira, 
(Covilhã, Portugal) between September and November 2014, after the study approval by 
the Ethics Committee of the Faculty of Health Sciences, University of Beira Interior (CE-
FCS-2012-034). Ten patients with asthma and four healthy controls were enrolled after 
signing an informed consent.  
Recruited participants were asked to provide the bags used in their own domestic vacuum 
cleaners and to answer a questionnaire about housing characteristics. Details on the 
collected samples are described in Table 3.3.1. At the laboratory, the vacuum cleaner bags 
were opened to remove the house dust, and in order to obtain homogeneous samples each 
sample was sieved (< 500 µm, stainless steel). The samples were kept in amber glass vials 
and stored at -200C until chemical analysis. 
 
3.3.2.2. Chemical analysis 
 
About 1.5 g of each dust sample was extracted with androgynous sodium sulfate and a 
solution of acetone and hexane (1:1 v/v) through a high speed solvent extractor (SE-100, 
Mitsubishi Chemical Analytech). From the extract sample, an amount corresponding to 1 g 
dust was spiked with 5 ng of 13C12-labeled PBDEs, 
13C12-labeled PCBs and 
13C12-labeled 
OCs and 10 ng of 13C12-labeled HBCDDs as surrogates. This portion was then treated with 
hexane-washed sulphuric acid (98%), and passed through a multi-layer silica gel column 
for clean-up. The obtained extract was subjected to gel permeation chromatography (GPC: 
Bio-Beads S-X3, Bio-Rad, CA, 2 cm i.d.×50 cm) and eluted with a 
dichloromethane/hexane (1:1v/v) solution. The last fraction (containing the 
organohalogens) was concentrated using a rotatory evaporator and passed through 4 g of 
activated silica gel (Wakogel DX) packed in a glass column. The first fraction, eluted with 
80 ml of dichloromethane/hexane (5% v/v), contained PBDEs, BTBPE, DBDPE, PCBs and 
OCs, while the second fraction, eluted with 100 ml of dichloromethane/hexane (25% v/v), 
contained HBCDDs. Both fractions were evaporated, and in order to ensure the surrogates’ 
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recoveries the first fraction was spiked with 13C12-labeled
 BDE 126 and BDE 205, 13C12-
labeled BDE 139 and pentachloro anisole while the second fraction was spiked with 
HBCDD-d18 (α-, β-, γ-HBCDD-d18). PBDEs, BTBPE, DBDPE and PCBs were quantified 
using a gas chromatograph Agilent (7890 A) coupled with a mass spectrometer (Agilent 
5975 C) and the silica column (J&W Scientific) DB-1MS (length: 30 m x internal 
diameter: 0.25 mm x film thickness: 0.25 µm) for PCBs and DB-5HT (15m x 0.25mm x 
0.1µm) for the other analytes. For OCs, a GC (Agilent 7890A) coupled with a triple 
quadrupole mass spectrometer (MS/MS: Agilent 7000) and a HP-5MS column (30 m x 
0.25 mm x 0.25 µm) was used. 
Considering HBCDDs, the isomers were quantified with an Acquity UPLC (Waters, 
Tokyo, Japan) ultra-performance liquid chromatography equipped with Quattro Micro API 
triple–quadrupole mass spectrometer (Waters/Micromass, Tokyo, Japan) (LC-MS/MS) and 
the column Agilent Extend C18 (2.1 mm x 100 mm, 1.8 μm). 
For quality assurance and control, procedural blanks were analysed simultaneously with 
every batch of samples. The limits of detection (LODs) were calculated as three times the 
standard deviation of background peaks in the procedural blanks. Concentrations below the 
limit of detection (LOD) were treated as zero for data analysis. 
 
3.3.2.3. Statistical analysis  
 
The software IBM SPSS Statistics 20 was used to evaluate the differences between groups 
(Mann-Whitney U test) and associations between the selected housing characteristics 
(information obtained from the questionnaires, Table 3.3.1) and contaminants’ 
concentrations (Spearman rank correlation). Statistical analyses were carried out for a 
significance level of 0.05. The box-plot graphs (Figure 3.3.1) were obtained using Sigma 
Plot V11.0  
 
3.3.2.4. Calculation of daily intakes 
 
Participants’ exposure to BFRs, PCBs and OCs through the ingestion of house dust was 
evaluated by calculating the estimated daily intakes (EDIs) based on the average house 
dust ingestion rate of 30 mg day-1  (US-EPA, 2011) and the highest dust ingestion of 100 
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mg day-1 (which corresponds to the worst case scenario) (Wilford et al., 2005) and the 
body weights of the participants (information gathered from the questionnaires).  
 
3.3.3. Results and discussion 
 
3.3.3.1. Housing characteristics 
 
Eleven women and three men with ages varying from 31 to 75 years old participated in this 
study. Their body weights ranged between 51 and 112 kg. The analysed dust samples were 
collected from their houses wherein, 10 samples were from asthmatics participants (9 
women and 1 men) and 4 from non-asthmatics (2 women and 2 men). The general 
characteristics of the houses are shown in Table 3.3.1.  
 




Non – asthmatics 
(n=4) 
Construction year a 
1950 - 1969 2 1 
1970 - 1989 4 1 
1990 - 2010 3 2 
House area (m2) b 
<100 1 1 
100 - 149 4 1 
≥ 150 1 2 
House Type 
Apartment 7 2 
Private House 3 2 
Location 
Urban 7 4 
Rural 3 - 
Number of windows 
<5 2 - 
5 - 9 7 1 
≥10 1 3 
Reconstructions since 
2000 c 
Yes 3 3 
No 7 1 
a Information not available for 1 house of the asthmatics group. 
b Information not available for 4 houses of the asthmatics group. 
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3.3.3.2. Concentrations in house dust 
 
The contaminants levels distribution is shown in Figure 3.3.1. 
 
 
Figure 3.3.1. Boxplot summarizing the variation in total concentrations of the target compounds 
measured in the 14 house dust samples from Covilhã, Portugal. Outliers, maximum, minimum, 





Figure 3.3.1 and Table 3.3.2 depicts the concentrations of the selected contaminants 
detected in house dust. For PBDEs only the data from the eight congeners of primary 
interest (BDE 28, 47, 99, 100, 153, 154, 183 and 209) (EFSA, 2011) were analysed 
individually. These congeners were detected in all the houses with the exception of BDE 
28 and BDE 154 that were not detected in 30% and 10% of the samples from asthmatic 
patients’ houses. The sums of their concentrations varied from 120 to 6200 ng g-1 (median: 
730 ng g-1) for asthmatics participants and from 260 to 1100 ng g-1 (median: 290 ng g-1) for 
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the non-asthmatics. Their contribution for the total levels was over 85%. The 
concentrations of ∑ PBDEs ranged from 130 to 6400 ng g-1 (median: 850 ng g-1) for 
asthmatics houses and from 280 to 1200 ng g-1 (median: 330 ng g-1) for the non-asthmatics 
ones.  
BDE 209 was the major congener in both groups, accounting approximately with 69% 
(asthmatics) and 82% (non-asthmatics) for the total ∑ PBDEs levels. This predominance of 
BDE 209 is in accordance with previous studies (Coelho et al., 2014; Fromme et al., 2015), 
especially the ones conducted in Europe, including three studies that also analysed house 
dust samples from Portugal (Fabrellas et al., 2005; Cunha et al., 2010; Coelho et al., 2016). 
Fromme et al. (2015) described that the contribution of BDE 209 to the ∑ PBDEs levels 
varied from 47 to 95%, considering several surveys from North America, Europe, Asia and 
Australia. This congener is the primary constituent of the deca-BDE commercial mixture 
most commonly used. This formulation was already restricted/banned (Coelho et al., 
2014), however BDE 209 strongly associates with particles and therefore it concentrates in 
dust (Viganò et al., 2011), and consequently it becomes one of the principal PBDEs in 
house dust. For the asthmatics houses, the main congeners that followed the BDE 209 
were: BDE 99, 47 and 153 (medians concentrations in Table 3.3.2), while for the non-
asthmatics they were BDE 183, 99 and 47.  The prevalence of these congeners reflects the 
likewise use of the penta- and octa-BDE commercial formulations in which they are 
predominant.  
Concerning HBCDDs, the levels ranged between 20 and 940 ng g-1 (median: 210 ng g-1) 
for asthmatics and from 62 to 2300 ng g-1 (median: 200 ng g-1) for non-asthmatics and the 
three isomers were detected in all samples (Table 3.3.2). Considering the median values, α-
HBCDD was the predominant isomer in both groups, contributing for over 55% to the ∑ 
HBCDDs, followed by γ-HBCDD and β-HBCDD. This distinct contribution for the total 
concentrations has been discussed in several studies. Although the amount of γ-HBCDD is 
about 75 to 89% in the commercial product (with α-HBCDD and β-HBCDD contributing 
with 10 – 13% and 1 – 12%, respectively), when considering the concentrations of each 
isomer in the environment, the importance of the α-HBCDD increases while the percentage 
of γ-HBCDD decreases with time (Koch et al., 2015). This can be explained with the 
thermal rearrangement of the HBCDD diastereomers: γ-HBCDD can isomerize to α-
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HBCDD (more stable and less reactive) when the materials are treated at temperatures 
above 100oC (Heeb et al., 2008; Kajiwara et al., 2009).   
The emerging BFRs (EBFRs) were also detected in all samples (Table 3.3.2), wherein the 
DBDPE stands out with concentrations between 150 and 1200 ng g-1 (median: 480 ng g-1) 
for asthmatics and from 460 to 830 ng g-1 (median: 720 ng g-1) and in non-asthmatics 
houses. Overall, DBDPE medians were two orders of magnitude higher than the median 
levels of BTBPE (3.7 (asthmatics) and 9.2 (non-asthmatics) ng g-1). In many cases, the 
concentrations of BTBPE were similar to those described for other house dust samples 
from other countries, while for DBDPE our levels were higher, when compared for 
example with studies conducted in Belgium (Ali et al., 2011), Norway (Cequier et al., 
2014), Germany (Fromme et al., 2014), Sweden (Newton et al., 2015), New Zealand and 
Pakistan (Ali et al., 2012a; Ali et al., 2012b). However, in house dust samples from the 
United States (US) (Dodson et al., 2012; Brown et al., 2014; Schreder and La Guardia, 
2014) and from Iraq (Al-Omran and Harrad, 2016), higher levels of BTBPE were obtained, 
though the levels of DBDPE were also lower. For this EBFRs, higher levels were detected 
in the US (mean: 1030 ng g-1) (La Guardia and Hale, 2015) and Sweden (median: 1700 ng 




The indicator non-dioxin like PCBs (ndl-PCBs) and the dioxin-like PCBs (dl-PCBs) levels 
are shown in Table 3.3.2. PCBs were mainly detected at concentrations lower than BFRs, 
probably because, in Portugal, their industrial and commercial use was phased out by 1976 
and totally banned in 1988 (Garcia et al., 2015) while the use of BFRs was only regulated 
from the 2000s onwards as previously mentioned. Their total levels varied from 4.4 – 110 
ng g-1 (median: 32 ng g-1) for asthmatics and from 25 – 300 ng g-1 (median: 49 ng g-1) for 
non-asthmatics. 
Ndl-PCBs were the predominant congeners being detected in all samples from the non-
asthmatic group and almost all samples from the asthmatic group. In fact, for the asthmatic 
group PCB 52, 138 and 153 were not detected in 10% of the dust samples whilst PCB 28 
was not detected in 30% of the houses. No congener of the ndl-PCBs stands out since their 
median levels are similar (about 1 ng g-1, in both groups), with the exception of PCB 28 
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that registered the lowest medians (0.45 and 0.48 ng g-1). Although with similar median 
levels, one of the houses from the non-asthmatic group (built in 1955) stands out with the 
highest concentrations of ndl-PCBs in dust, particularly for PCB 101, 138, 153 and 180 
(see in Table 3.3.2). The levels of these penta, hexa and hepta congeners in this dust 
sample might reflect a source in the house of the commercial mixtures Aroclor 1254 and 
1260 that were widely used in Europe, mainly in the production of paints and sealants 
(Cachada et al., 2009). 
Considering the dl-PCBs, seven congeners (77, 81, 114, 123, 126, 157, and 169) were not 
detected (levels below LOD). For the remaining congeners (PCB 105, 118, 156, 167, 189), 
PCB 118, 105 and 156 exhibited the highest detection frequencies in both groups, 90 – 
100%, 70 – 75% and 60 – 75%, respectively (asthmatics – non-asthmatics). PCB 118 was 
the major contributor for the sum of the concentrations of dl-PCBs. Such as for the ndl-
PCBs, the same house constructed in 1955, exhibited the highest levels of PCB 118, 156 




Considering the OCs (Table 3.3.2), CHLs and DDTs were detected in all samples, and the 
detection frequencies of HBC were 50 and 75% (for asthmatics and non-asthmatics, 
respectively). DDTs were the most prevalent compounds in both groups with median 
concentrations of 47 and 25 ng g-1 (asthmatics and non-asthmatic, respectively). These 
concentrations were about 2 or 3 orders of magnitude higher than HCB (medians: 0.36 and 
0.3 ng g-1) and CHL (medians: 0.88 and 2 ng g-1). The predominance of DDTs is in 
accordance with other studies worldwide that showed higher levels of DDTs than HCB and 
CHLs in house dust samples (Tan et al., 2007b; Dirtu and Covaci, 2010; Brauner et al., 
2011; Ali et al., 2013; Wang et al., 2013). Thereby, DDT was ubiquitous in the evaluated 
houses which reinforces the fact that house dust is an important source of DDTs, despite 
the restrictions in their use in the early 1970´s and their ban as pesticides since 1986 in the 
European Union (EFSA, 2006a). 
  
 
    
 
Table 3.3.2. BFRs, PCBs and OCs concentrations (ng g-1) measured in the 14 dust samples with the indication of detection frequency (DF %), mean, median and 
range. <LOD: bellow limit of detection. 
 Non-asthmatics (n =4) Asthmatics (n = 10) 
 DF %  Mean  Median  Range DF %  Mean  Median Range 
BFRs  
BDE 28 100  0.23 0.2 0.17 – 0.36 70  0.53 0.27 < LOD – 1.7 
BDE 47 100  6.3 4.2 2 – 15 100  44 10 1.7 – 310 
BDE 99 100  6.3 4.5 3.9 – 12 100  110 21 1.5 – 740 
BDE 100 100  1.3 0.97 0.59 – 2.6 100  19 2.9 0.27 – 140 
BDE 153 100  2.1 1.8 1.3 – 3.5 100 17 3.5 0.22 – 110 
BDE 154 100  0.59 0.54 0.44 – 0.83 90 13 1.7 < LOD – 96 
BDE 183 100  7 6.2 1.4 – 14 100  5.3 3.1 0.56 – 21 
BDE 209 100  460 270 230 – 1100 100  1100 590 110 – 6000 
Ʃ PBDEsa _ 520 330 280 – 1200 _ 1500 850 130 – 6400 
Ʃ tri-hepta-BDEb _ 24 23 14 – 33 _ 200 43 4.3 – 1400 
Ʃ 8 PBDEsc _ 490 290 260 – 1100 _ 1300 730 120 – 6200 
α-HBCDD 100  220 140 36 – 570 100  180 120 12 – 710 
β-HBCDD 100  42 19 6.3 -  120 100 35 21 3.1 – 150 
γ-HBCDD 100  420 39 20 – 1600 100  56 56 5.1 – 120 
Ʃ HBCDDs _ 680 200 62 – 2300 _ 270 210 20 - 940 
BTBPE 100  16 9.2 1.9 – 44 100  5.2 3.7 1 – 12 
DBDPE 100  680 720 460 – 830 100  540 480 150 – 1200 
PCBs  
Non-dioxin-like PCBs  
PCB 28 100  0.63 0.48 0.3 – 1.2 70 0.97 0.45 < LOD – 4.8 
PCB 52 100  1.1 1.1 0.36 – 1.9 90  1.7 0.99 < LOD – 9.8 
PCB 101 100  5.7 1.2 0.3 – 20 100  1.4 1 0.31 – 5.2 
PCB 138 100  12 1.3 0.4 – 44 90  1.8 1.6 < LOD – 3.7 
PCB 153 100  11 1.2 0.44 – 42 90  1.6 1.4 < LOD – 3.2 
PCB 180 100  6.9 0.65 0.27 – 26 100  1 1 0.29 – 2.3 
  
 
    
 
 Non-asthmatics (n =4) Asthmatics (n = 10) 
 DF %  Mean  Median  Range DF %  Mean  Median Range 
Dioxin-like PCBs*  
PCB 105 75  0.44 0.36 < LOD – 1.1 70  0.35 0.37 < LOD – 1 
PCB 118 100  1.8 0.65 0.2 – 5.6 90  0.89 0.82 < LOD – 2.9 
PCB 156 75  0.67 0.12 < LOD – 2.4 60  0.11 0.12 < LOD – 0.26 
PCB 167 50  0.34 0.041 < LOD – 1.3 40  0.046 < LOD < LOD – 0.13 
PCB 189 25  0.11 < LOD < LOD – 0.46 0  < LOD < LOD < LOD 
         
Ʃ ndl-PCBsd _ 37 6.3 2.1 – 130 _ 8.4 5.8 0.6 – 29 
Ʃ dl-PCBse _ 3.4 1.2 0.2 – 11 _ 1.4 1.4 < LOD – 4.3 
Ʃ 18 PCBsf _ 41 7.5 2.3 – 150 _ 9.8 7 0.6 – 33 
ƩPCBs _ 100 49 25 – 300 _ 46 32 4.4 – 110 
OCs  
HCB 75  0.29 0.36 < LOD – 0.43 50  2.6 0.3 < LOD – 12 
CHLsg 100  3.3 0.88 0.64 – 11 100 4.2 2 0.4 – 20 
DDTsh 100  910 25 4.6 – 3600 100  210 47 2.2 – 1500 
a Sum of all congeners; b Sum of BDE 28, 47, 99, 100, 153, 153 and 183; c Sum of BDE 28, 47, 99, 100, 153, 153, 183 and 209. 
d Sum of non-dioxin-like PCBs (28, 52, 101, 138, 153 and 180); e dioxin-like PCBs (77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 and 189); f sum of dioxin-like 
PCBs and non-dioxin-like PCBs. g Sum of trans-chlordane, cis-chlordane, trans-nonachlor, cis-nonachlor and oxychlordane; h Sum of o,p-DDT, o,p-DDD, o,p-DDE, 
p,p’-DDT, p,p’-DDD, p,p’-DDE. 
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3.3.3.3. Concentrations of the selected compounds in house dust and differences 
between groups 
 
The concentrations of PBDEs, HBCDDs, BTBPE, DBDPE, PCBs and OCs were compared 
between both groups, non-asthmatics and asthmatics houses, and no statistically significant 
differences were observed for any compound (Mann Whitney U test, p > 0.05).  However, 
the small sample size may have compromised the occurrence of statistically significant 
differences. 
Overall, PBDEs and DBDPE exhibited the highest median concentrations in both groups, 
with higher median levels of PBDEs in dust samples from asthmatics houses and with 
higher median levels of DBDPE in the house dust samples from the non-asthmatics (Table 
3.3.2). The number of studies assessing the levels of these compounds in house dust, 
between non - asthmatics and asthmatics patients, is very limited, especially for adults. 
Canbaz et al. (2016) evaluated the association between the levels of PBDEs found in 
indoor dust (collected from mattresses) and the development of childhood asthma, and 
found no statistically significant differences between both analysed groups (non-asthmatic 
and asthmatic children). In turn, Meng et al. (2016b), found statistically significant 
differences between the levels of few PBDEs, PCBs and OCs in house dust from non-
asthmatics and asthmatic children, with higher levels of BDE 47, 99 and 209, and PCB 8 
and 49 in dust from the asthmatic children’ houses and higher levels of OCs in non-
asthmatics  group. 
Although there are some studies reporting few positive correlations between the pre-natal 
or young children exposure to these contaminants (especially PBDEs, PCBs and DDTs) 
and the development or aggravation of asthma (see for e.g. Mamane et al., 2015; Meng et 
al., 2016a), there is still no evidence in the association between this exposure and the risk 
of asthma-related symptoms (Gascon et al., 2013). Therefore, in order to better describe 
this possible association, as well as to evaluate the main exposure sources to these indoor 
contaminants, more studies are necessary. Such studies should focus not only in children, 
but also in adults, as the onset of asthma during childhood is associated to a major risk of 
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3.3.3.4. Association with housing characteristics  
 
Since there were no statistically significant differences between the concentrations of the 
target contaminants from house dust samples provided by asthmatics and non-asthmatics 
participants, the associations between the contaminants’ levels and the housing 
characteristics are discussed as a single group. 
Regarding the PBDEs, HBCDDs, BTBPE and DBDPE no statistically significant 
correlations were found between their levels and all the considered housing characteristics 
(construction year, house area, house type, location, number of windows and 
reconstructions), with the exception of BDE-28 which levels were significantly lower in 
houses with more windows (Spearman Correlation, r= 0.594, df= 12, p= 0.049) (Figure C1, 
Annex C).  
The levels of BFRs in house dust may be influenced by several factors, including 
construction and also reconstruction year. In fact, some studies reported that the levels of 
PBDEs in house dust samples are more influenced by the year of the last reconstruction 
rather than the year of construction Kalachova et al. (2012). Depending on the 
construction/reconstruction decade the levels and the type of BFRs may vary. For example, 
during the late 1990s and early 2000s PBDEs were probably more frequently used. This is 
particularly relevant for deca-BDE that accounted for about 80% of the global PBDE 
demand in 1999 and 2001 (EFSA, 2011). Secondly, from the time when their use started to 
be restricted, the use of BTBPE and DBDPE, as alternatives for octa-BDEs and deca-
BDEs, increased. A recent study conducted in the United Kingdom, Kuang et al. (2016) 
demonstrated that the levels of BDE 209 were significantly lower in house dust samples 
collected in 2015 compared to those collected in 2006 and 2007, while the levels of 
DBDPE were significantly higher in the samples from 2015. However, and similarly to the 
present study where no correlations between the levels of BFRs in dust and the house 
characteristics (including construction/reconstruction years), other studies  could not find 
any trend in BFRs levels and housing characteristics (e.g. Tan et al., 2007a; Wu et al., 
2007; Cunha et al., 2010; Coelho et al., 2016). 
Regarding the PCBs, it was possible to observe a trend associated with the age of the 
house. PCB 105 (Spearman Correlation, r= 0.707, df= 11, p= 0.005), PCB 118 (Spearman 
Correlation, r= 0.603, df= 11, p= 0.029) and Ʃ dl-PCBs (Spearman Correlation, r= 0.633, 
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df= 11, p= 0.021) were significantly higher in older houses (Figures C2 – C4, Annex C). 
This association between the levels of dl-PCBs in house dust and the houses’ age, was also 
observed in house dust samples from Australia (Hinwood et al., 2014). Such results might 
indicate the decrease in the use of PCBs in Portugal due to the legislation implemented 
since 1976. Furthermore, statistically significant differences were observed between the 
levels of Ʃ PCBs in houses from different locations (Urban versus rural; Mann Whitney U 
test, H= 30.000, P= 0.038) and in different types of houses (apartments versus private 
houses; Mann Whitney U test, H= 7.000, P= 0.042). The Ʃ PCBs concentrations tended to 
be higher in houses located in urban locations and in apartments (Figures C5 and C6, 
Annex C).  
For OCs, it would be expected to find higher levels in older houses (due to the restrictions 
in their use implemented in the 1970’s (see sections 3.3.1 and 3.3.3.2.3), however no 
correlations were found between their levels in house dust and any of the houses 
characteristics.  
 
3.3.3.5. Estimated daily intakes 
 
The exposure to the target compounds present in dust may occur via inhalation, ingestion 
and dermal contact. Although the relative contribution of each exposure pathway to the 
total intakes may vary between the chemical class (Whitehead et al., 2015), the ingestion 
of dust stands out as the major route (Dirtu and Covaci, 2010; Besis et al., 2015; Meng et 
al., 2016b). Therefore, the participants’ exposure to BFRs, PCBs and OCs via dust 
ingestion was evaluated by calculating the estimated daily intakes (EDIs) based on the 
average and the highest dust ingestion rates (30 and 100 mg day-1) and the body weights of 
each participant (see section 2.4). EDIs are shown in Table 3.3.3, as well as the defined 
reference dose (RfD) values. 
Regarding the worst case scenario (dust ingestion rate of 100 mg day-1), the medians of the 
EDIs (asthmatics– non-asthmatics ) of BFRs were 1.1 – 0.45, 0.25 – 0.31, 4.7 x 10-3  – 
0.015and 0.56 – 0.74 ng kg-bw-1 day-1 for ∑ PBDEs, ∑ HBCDDs, BTBPE and DBDPE, 
respectively. These EDIs disclose a higher intake of PBDEs by the asthmatics group and 
higher intake of DBDPE by the non-asthmatics. However, in both groups, EDIs were more 
than 1000 times lower than the established RfD, 7000 ng kg-bw-1 day-1 for BDE 209 
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(considering that BDE 209 is the dominant congener, section 3.3.3.2.1), 200 x 103 ng kg-
bw-1 day-1 for HBCDDs, 243 x 103 ng kg-bw-1 day-1 for BTBPE and 333 x 103 ng kg-bw-1 
day-1 for DBDPE (Van den Eede et al., 2011; Ali et al., 2012b). 
For PCBs, and considering the worst case scenario, the calculated EDIs of the ∑ PCBs 
(medians: 0.051 and 0.056 ng kg-bw-1 day-1, for asthmatics and non-asthmatics) were 
much lower than the RfD of 1000 ng kg-bw-1 day-1 (Ali et al., 2012b). The obtained EDIs, 
disclose that, the participants’ intake through house dust ingestion of BFRs and PCBs is 
very low.  
For the OCs, in the worst case scenario, the medians of the EDIs (asthmatics – non-
asthmatics) were 5.8 x 10-4 – 4.6 x 10-4 ng kg-bw-1 day-1 for HCB, 2.8 x 10-3 – 1.2 x 10-3 ng 
kg-bw-1 day-1 for CHLs and 0.064 – 0.042 ng kg-bw-1 day-1 for DDTs. As expected from 
the obtained DDTs levels registered in the house dust samples, the intakes of DDTs 
through the ingestion of house dust were greater in both groups than the other two OCs. 
Nevertheless, the EDIs were more than 3 orders of magnitude lower than the RfD of 800 
ng kg-bw-1 day-1 set for HCB (US-EPA, 1991) and 500 ng kg-bw-1 day-1 for CHLs (US-
EPA, 1998) and for DDTs (US-EPA, 1988).  
Overall, BFRs exhibited the highest EDIs, when compared with PCBs and OCs. Such 
higher EDIs for BFRs might be a consequence of the latter introduction of restrictions in 
their use (2000s-10s versus 1970s-80s) (see section 3.3.1). For all the target compounds, 
the EDIs for asthmatics and non-asthmatics were far below the established RfD, though 





The present study disclosed for the first time the widespread presence of BFRs, PCBs and 
OCs in house dust samples from Beira Interior region in Portugal. These contaminants 
were present both in dust samples from the houses of asthmatics and non-asthmatics 
participants. There were no statistically significant differences between both groups 
(asthmatics and non-asthmatics), possibly due to the small sample size. 
As expected, BFRs exhibited the highest levels in house dust, wherein the DBDPE stands 
out in the non-asthmatics houses while the PBDEs showed higher concentrations in the 
asthmatic houses.  
  
 
    
 
Table 3.3.3. Estimated daily intakes of BFRs, PCBs and OCs via dust ingestion, calculated from the house dust concentrations and considering the average house dust 
ingestion rate of 30 mg day-1 and the highest dust ingestion of 100 mg day-1 and the body weights of the participants. 





ng kg-bw-1 day-1 
(ng day-1) 
Median 
ng kg-bw-1 day-1 
(ng day-1) 
Range 




ng kg-bw-1 day-1 
(ng day-1) 
Median 
ng kg-bw-1 day-1 
(ng day-1) 
Range 
ng kg-bw-1 day-1 
(ng day-1) 
RfD 
ng kg-bw-1 day-1 
 




0.083 – 0.5  
(8.4 – 35) 




0.068 – 2.7  
(3.9 – 190) 
BDE 47: 100 
BDE 99: 100 
BDE 153: 200 






0.28 – 1.7 





0.23 – 8.9 








0.005 – 0.014 





0.002 – 0.56 






0.017 – 0.047 





0.007 – 1.9 
(0.43 – 140) 






0.073 – 0.47 





0.061 – 2.6 






0.24 – 1.6 





0.2 – 8.6 
(11 – 620) 







0.02 – 0.61 













0.066 – 2 





0.034 – 1.2 
(2 – 94) 







0.0006 – 0.012 





0.0005 – 0.05 







0.002 – 0.039 





0.0017 – 0.017 
(0.1 – 1.2) 







0.20 – 0.38 





0.076 – 0.72 







0.65 – 1.3 





0.25 – 2.4 
(15 – 120) 







0.0091 – 0.13 





0.0017 – 0.047 







0.03 – 0.42 





0.0058 – 0.16 
(0.44 – 11) 
  
 
    
 





ng kg-bw-1 day-1 
(ng day-1) 
Median 
ng kg-bw-1 day-1 
(ng day-1) 
Range 




ng kg-bw-1 day-1 
(ng day-1) 
Median 
ng kg-bw-1 day-1 
(ng day-1) 
Range 
ng kg-bw-1 day-1 
(ng day-1) 
RfD 








0.00056 – 0.058 





0.00024 – 0.012 






0.0019 – 0.19 





0.00079 – 0.039 







0.00005 – 0.0047 





0 – 0.0017 






0.00018 – 0.016 





0 – 0.0058 
(0 – 0.43) 






0.00061 – 0.062 





0.00024 – 0.013 






0.002 – 0.21 





0.00079 – 0.045 
(0.06 – 3.3) 







0 – 0.00019 





0 – 0.0047 







0 – 0.00063 





0 – 0.016 
(0 – 1.2) 







0.00017 – 0.0047 













0.00057 – 0.016 





0.00045 – 0.027 
(0.04 – 2) 







0.0012 – 1.5 





0.00087 – 0.62 







0.0041 – 5.1 





0.0029 – 2.1 
(0.22 – 150) 
a Sum of all congeners; b Sum of BDE 28, 47, 99, 100, 153, 153 and 183; c Sum of BDE 28, 47, 99, 100, 153, 153, 183 and 209. 
d Sum of non-dioxin-like PCBs (28, 52, 101, 138, 153 and 180); e dioxin-like PCBs (77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 and 189); f sum of dioxin-like 
PCBs and non-dioxin-like PCBs. 
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Regarding the PCBs, ndl-PCBs were the main contributors to the ∑ PCBs concentrations.  
DDTs were the major pesticides detected in the surveyed houses. 
Generally, no significant correlations were found between the levels of the studied 
contaminants in house dust and the housing characteristics, with the exception of (i) PCB 
105, PCB 118 and ∑ dl-PCBs levels that were significantly higher in older houses; (ii) ∑ 
PCBs, concentrations that tended to be higher in houses located in urban locations and in 
apartments and (iii) BDE 28 that disclosed lower concentrations in houses with more 
windows. 
Participants’ daily intake of PBDES, HBCDDs, BTBPE, DBDPE, PCBs, BHC, CHLs and 
DDTs via dust ingestion were far below the established RfD, demonstrating that for the 
studied population the exposure to these contaminants through the ingestion of dust is low. 
Although the EDIs are not of concern, these compounds were detected in a considerable 
number of samples, showing high detection frequencies (100% in most cases) which 
demonstrates their ubiquitous presence. It is important to highlight that there is a large 
number of sources to these compounds and that their intake may occur through different 
pathways, thereby the discussed levels are only part of the real exposure.  
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Chapter 4. General conclusion and final remarks 
 
The present work evaluates the human exposure to several organic and inorganic 
contaminants in Portugal, by characterizing two important pathways of exposure, the 
ingestion of food (Chapter 2) and the ingestion of house dust (Chapter 3). The 
characterization of dietary intake was performed by evaluating the levels of BFRs (PBDEs, 
HBCDDs, BTBPE and DBDPE), PCBs, OCs (HCHs, HCB, CHLs and DDTs) lead and 
cadmium in duplicate diet samples collected over a period of seven days by volunteers 
from the University of Aveiro academic community. The characterization of the ingestion 
through house dust was performed in two distinct studies. In one study the levels of PFRs 
(TCEP, TDCIPP, TPP, TNBP, EHDPP, TMPP, TPEP, TPHP and TEHP), BFRs (PBDEs, 
HBCDDs, BTBPE and DBDPE) and PCBs were assessed in house dust samples from 
Aveiro and Coimbra. The participants were recruited by convenience and provided the 
vacuum cleaners bags used to clean their houses and from where the dust samples were 
collected. In the other study, a similar collection of dust was conducted but in houses from 
asthmatics and non-asthmatics volunteers living in Covilhã, and the analysed compounds 
were BFRs (PBDEs, HBCDDs, BTBPE and DBDPE), PCBs and OCs (HCB, CHLs and 
DDTs).  
The results obtained under the framework of the present thesis disclose that diet and house 
dust are important sources of the target compounds and that both pathways contributed to 
the studied Portuguese populations’ exposure.  
The diet study (Chapter 2) revealed that duplicate diet samples exhibited low levels of the 
analysed POPs (PBDEs, HBCDDs, PCBs and OCs) and therefore the estimated dietary 
intakes of the participants were low and below the established guidance values for human 
risk assessment (RfDs and TDIs). Therefore, the health risk associated with the 
consumption of food is low for this academic community. Although the detected 
concentrations were negligible, PBDEs, HBCDDs, PCBs and OCs were present in the 
analysed diet samples despite the legislative measures to reduce their use (see subchapters 
3.1, 3.2 and 3.3). DDTs and HCHs were even detected in 100% of the diet samples, even 
though they were banned in Europe since the 1970s. These results confirm their 
persistency and bioaccumulation, furthermore, since these contaminants are lipophilic they 
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will be concentrated in the human fat tissue, leading to possible long-term adverse 
consequences.  
Regarding Pb and Cd, both toxic metals were detected in 100% of the analysed duplicate 
diet samples. These frequencies of detection were expected, since, as previously 
mentioned, foodstuffs are major sources of Cd and Pb. The exposure of the participants 
(adults from the same academic community) to Pb was even associated to an increased risk 
for elevated systolic blood pressure (3.3%) and nephrotoxic effects (26.7%). For Cd, 35% 
of the participant premenopausal women exhibited EWIs higher than the set TWI, 
suggesting increased health risks for these women, mainly renal tubular effects (subchapter 
2.4).  
Overall, the results obtained in Chapter 2 showed that the participants were exposed to the 
target compounds (BFRs, PCBs, OCs, Pb and Cd) via the consumption of food, confirming 
the importance of this route of exposure to environmental contaminants in Portugal, 
similarly to what was previously demonstrated in other countries (see subchapters 2.2, 2.3 
and 2.4).  
Considering the exposure through house dust, our results disclosed that all the groups of 
analysed compounds (BFRs, PFRs, PCBs and OCs) were detected, being therefore, 
indicators of indoor contamination.  
In the 28 house dust samples collected in Aveiro and Coimbra, PFRs generally exhibited 
higher concentrations and were the major group of contaminants followed by BFRs, where  
PBDEs (mainly BDE 209) and HBCDDs stand out, followed by DBDPE and then by the 
PCBs group. These results might reflect the increased consumption of PFRs as alternatives 
for other FRs (as described in Chapter 1). For the 14 house dust samples from Covilhã 
(asthma study; chapter 3.3), among the measured contaminants, BFRs were the dominant 
group, with higher levels of PBDEs (mainly BDE 209) and DBDPE in both groups 
(asthmatics and non-asthmatics), followed by HBCDDs, DDTs (major group of OCs) and 
PCBs. In both studies, even considering the worst case scenario of the daily ingestion of 
dust (100 mg day-1), the participants’ estimated intakes of the evaluated compounds (FRs, 
PCBs and OCs) were much lower than the set reference doses, however, the detection 
frequencies were high (above 50%) in most cases. Such results, demonstrates the 
widespread presence of the target compounds in Portuguese houses and confirms that the 
participants were exposed to those contaminants through the ingestion of house dust. 
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Considering both sources of exposure (diet and house dust) and analysing in more detail 
each group of contaminants it is possible to conclude that the main detected 
congeners/isomers of PBDEs, HCBCDDs and PCBs were the same in the three studies. In 
the case of PBDEs, BDE 209, 99 and 47 exhibited higher detection frequencies as well as 
higher levels; for the HBCDD isomers, α-HBCDD was the most abundant one followed by 
γ-HBCDD and β-HBCDD. As for PCBs, the major congeners were: PCB 153, 138 and 
101. These coincident trends show that in Portugal both sources – food and house dust – 
disclose the same contamination scenario, which might reflect the commercial 
formulations most commonly used, as discussed in the previous chapters.  
As shown in Figure 4.1, house dust arises as the major source of the surveyed POPs 
(PBDEs, HBCDDs, PCBs, HCHs, HCB, CHLs, DDTs) and the EBFRs (BTBPE and 
DBDPE, structurally similar to predecessors), especially for the flame retardants. This is 
due to the fact that settled dust acts as a repository and concentrator of indoor 
contaminants. However, the relative contribution of the two exposure pathways depends on 
the contaminants’ ingestion rate, which will be influenced by the quantity of ingested food 
and dust (in the kg day-1 range (adults: 1.9 kg day-1) for food, and in the mg day-1 range for 
house dust (adults highest ingestion: 100 mg day-1)). Hence, when it comes to the main 
route of exposure, the ingestion of food stands out as demonstrated by the estimated 
dietary daily intakes (Figure 4.2), particularly in the case of the PCBs and DDTs. These 
two group of contaminants exhibited the highest EDIs (Figure 4.2). Nevertheless, the 
median concentrations of these compounds detected in the duplicate diet samples were two 
orders of magnitude lower than the ones detected in the house dust samples from Covilhã 
(0.17 versus 34 ng g-1 for PCBs, and 0.38 versus 38 ng g-1 for DDTs, respectively) (Figure 
4.1; see also, Tables 2.2.1 and 3.3.2).  
Besides the traditional POPs, within the framework of this thesis it was also possible to 
analyse for the first time ever in Portugal the levels of PFRs in environmental samples, 
namely in house dust. Our results disclosed that the indoor environment is contaminated by 
this group of chemicals and that the concentrations of phosphorous flame retardants is 
higher than the traditional FRs, which might be a consequence of the search for 
alternatives to the banned BFRs (subchapter 3.2). 
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Figure 4.1. Median levels of the target compounds detected in the Portuguese studied samples (duplicate 
diet and house dust samples). See subchapters 2.2, 3.2 and 3.3. 
 
 
Figure 4.2. Median estimated daily intakes of the target compounds via the ingestion of food or house dust 
in Portugal. See subchapters 2.2, 3.2 and 3.3. 
 
Overall, considering the organic contaminants (BFRs, EBFRs, PFRs, PCBs and OCs) our 
results disclose that despite the fact that POPs and EBFRs were detected both in diet and 
house dust samples, their levels were relatively low and the risk associated with the 
ingestion of these two matrices is low. In contrast, the results obtained for the ingestion of 
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lead and cadmium through diet, reveal a different scenario with high levels detected and 
consequently with estimated weekly intakes higher than the recommended ones.   
Besides these major routes of human exposure, the intake of the target contaminants 
increases if all sources and pathways are considering, e.g. dermal contact and inhalation of 
dust and air and therefore the risks might be higher. Thus future monitoring surveys should 
take these factors also into account.  
In order to assess the real exposure to the target compounds in Portugal, as well as their 
impacts in human health, such as developmental neurotoxicity, cardiovascular effects, 
nephrotoxicity, cancers and asthma (see subchapters 2.3, 2.4 and 3.3), further work should 
be done considering the several exposure routes and the contaminants’ body burden. By 
assessing the levels of the studied compounds also in human matrixes such as blood, hair, 
nails and breast milk and associate them with increased health risks. These steps are 
important in order to accomplish the risk assessment of chemicals, described in Chapter 1. 
 
In summary, the present thesis demonstrates that both diet and house dust are contaminated 
by the target contaminants. This is the first study monitoring the presence of flame 
retardants in the Portuguese diet as well as the majority of the studied POPs in indoor dust 
from Portuguese houses. Also for PCBs, OCs, Pb and Cd, this was the first study 
monitoring their levels in Portuguese duplicate diet samples. Therefore, this pioneer work 
constitutes an important baseline for future studies in Portugal and comes as an important 








































Table 1. Median and range concentrations (ng g-1) of major polybrominated diphenyl ether congeners in indoor dust reported worldwide in the last 10 years. n: number 
of samples. 
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(a) The reported concentrations refer to a single sample or a pooled sample. 
(b) Median values were not reported, reported geometric means were considered in this table. 
(c) Median values were not reported, reported means were considered in this table. 
(d) BDE-28 and -33 are listed together, however the reported concentrations were considered as BDE-28 concentrations, once the BDE-33 is a minor congener 
both in technical mix and in environmental and biological matrices. 
(e) Median values were not reported, we calculated medians from reported data considering half of the limit of detection (LOD) or limit of quantification (LOQ); 
LOQ was considered zero in the case of Cunha et al, 2010; Martínez-Moral and Tena, 2012 “not detected” was considered zero. 







Table 2. Median and range concentrations (ng g-1) of total hexabromocyclododecane and respective diastereomers in indoor dust reported worldwide in the last 
10 years. 
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(a) The reported concentrations refer to a single sample or a pooled sample. 
(b) Median values were not reported, reported geometric means were considered in this table. 
(c) Median values were not reported, reported means were considered in this table. 
(d) Median values were not reported, we calculated medians from reported data 
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Supplementary data from subchapter 3.2: Brominated, chlorinated and phosphate 
organic contaminants in house dust from Portugal. 
 
Table B1. Housing and sampling characteristics for each of the samples. The number of electronic 










1 Aveiro 2006 130 urban apartment 6 
2 Aveiro 2004 215 agricultural private house 7 
3 Aveiro 2009 300 sub-urban private house 7 
4 Aveiro 2005 150 urban apartment 8 
5 Aveiro 2006 300 sub-urban private house 7 
6 Aveiro 2007 250 agricultural private house 7 
7 Aveiro 2002 90 urban apartment 7 
8 Aveiro 1961 100 urban apartment 4 
9 Aveiro 1860 150 urban private house 4 
10 Aveiro 2000 25 urban apartment 3 
11 Aveiro 2004 100 agricultural apartment 6 
12 Aveiro 1990 130 urban apartment 10 
13 Aveiro 2006 82 urban apartment 5 
14 Aveiro n.a. 35 urban apartment 5 
15 Aveiro 1940 600 sub-urban private house 11 
16 Aveiro n.a. n.a. n.a. n.a. n.a. 
17 Aveiro 1995 260 agricultural private house 7 
18 Aveiro 1986 92.5 urban apartment 6 
19 Coimbra 1956 105 urban private house 3 
20 Coimbra 2001 100 urban apartment 8 
21 Coimbra 2000 145 sub-urban private house 10 




2000 240 sub-urban private house 7 
24 Coimbra 2002 200 urban apartment 10 















26 Coimbra 1989 100 urban apartment 3 
27 Coimbra 2001 100 urban apartment 1 
28 Coimbra 2007 70-80 urban apartment 2 




Figure B1: Relationship between the levels of DBDPE (ng g-1) quantified in house dust 










Figure B2: Boxplot summarizing the variation in the concentrations of DBDPE (ng g-1) in 
apartments and private houses. Outliers, maximum, minimum, median, and the 25th and 




Figure B3: Boxplot summarizing the variation in the concentrations of DBDPE (ng g-1) 
according to the location of the houses. Outliers, maximum, minimum, median, and the 












Figure B4: Relationship between the levels of total PCBs (ng g-1) quantified in house 





Figure B5: Boxplot summarizing the variation in the concentrations of PCBs (ng g-1) 
according to the house type. Outliers, maximum, minimum, median, and the 25th and 75th 












Figure B6: Boxplot summarizing the variation in the concentrations of PCBs (ng g-1) 
according to the location of the houses. Outliers, maximum, minimum, median, and 



















Supplementary data from subchapter 3.3: Asthma and exposure to brominated flame 
retardants, polychlorinated biphenyls and organochlorine pesticides via house dust. 
 
 
Figure C1: Relationship between the levels of BDE 28 (ng g-1) quantified in house dust 









Figure C2: Relationship between the levels of PCB 105 (ng g-1) quantified in house dust 




Figure C3: Relationship between the levels of PCB 118 (ng g-1) quantified in house dust 









Figure C4: Relationship between the levels of dioxin-like PCBs (ng g-1) quantified in 




Figure C5: Boxplot summarizing the variation in the concentrations of PCBs (ng g-1) 
according to the house type. Outliers, maximum, minimum, median, and the 25th and 









Figure C6: Boxplot summarizing the variation in the concentrations of PCBs (ng g-1) 
according to the location. Outliers, maximum, minimum, median, and the 25th and 
75th percentiles are presented (ng g-1). 
 
